CHAPTER 3. ESTIMATING BURNING CHARACTERISTICS
OF LIQUID POOL FIRE, HEAT RELEASE RATE, BURNING DURATION,
AND FLAME HEIGHT

3.1 Objectives

This chapter has the following objectives:

. Identify the predominant flammable material in a nuclear power plant (NPP).

. Introduce the methods that are used to estimate the heat release rate.

. Identify the factors that influence the heat release rate and burning rate.

. Explain how to analyze pool fires in NPPs.

. Explain how to analyze the burning duration of pool fires.

. Identify the zones of a candle and the categories of a flame.

. Describe the importance of ceiling configurations.

. Explain turbulent diffusion flames.

. Introduce the factors that determine how fast an object will heat.

. Define relevant terms, including heat release rate, heat of combustion, burning duration,

flame height, adiabatic flame, laminar, and turbulent flames.

3.2 Heat Release Rate

Fire development is generally characterized in terms of heat release rate (HRR) vs. time.
Thus, determining the HRR (or burning rate)' is an essential aspect of a fire hazard analysis (FHA).
The relationship between HRR (ori3 ) and time for a certain scenario is termed the design fire curve
for that scenario, as illustrated in Figure 3-1.

For aroutine FHA, itis acceptable to broadly approximate the burning rates (HRRs). Forinstance,
post-flashover structure analyses are often based on the fire duration or severity associated with
an aggregate fuel loading (combustible load per unit floor area). However, if it is essential to
estimate specific fire effects within an enclosure, it is essential to more accurately determine the
burning rate characteristics (i.e., HRR history).

The HRR is nota fundamental property of a fuel and, therefore, cannot be calculated from the basic
material properties. Itis usually determined from testing. Table 3-1 lists some HRR characteristic
values obtained by burning various fuel packages and recording the heat output from various
sources. Estimates of fire source intensities (i.e., HRR) can be based either on direct
measurements of the burning rates of similar large fuel configurations or the extrapolation of small-
scale test data obtained under simulated thermal conditions. In the absence of measured HRR
data, the fire protection engineer (FPE) must estimate the HRR history for a particular fuel. While
not as accurate as laboratory testing, sufficient information exists in the literature to permit
estimates of initial fire growth, peak burning rates, and fire duration for various fuels and fuel
geometries.

The heat release rate may be thought of as the “power” of the fire and is some times referred to as
fire “power.”
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Figure 3-1 A Simple Design Fire Curve

Table 3-1. Rough Measure of Heat Generated from Various Sources
(Karlsson and Quintiere, 1999, © CRC Press, LLC. With permission.)

Time

Fuel Heat Release Rate
(3

A burning cigarette 5W

A typical light bulb 60 W

A burning candle 80 W

A human being at normal exertion 100 W

A burning wastepaper basket 100 kW

A burning 1 m? pool of gasoline 2.5 MW

Burning wood pallets, stacked to a height of 3 m 7 MW

Burning polystyrene jars, in 2 m? cartons 4.9 m high 30-40 MW

Output from a typical reactor at an NPP

3,250-3,411 MW

Note: 1 kW = 1,000 W and 1 MW = 1,000 kW




Various studies (Lee, 1985, Nowlen, 1986, and 1987, Chavez, 1987, and Babrauskas, 1991) have
measured and reported representative unit HRR values for a number of fuels presentin an NPP,
such as electrical cables, electrical cabinets, and transient combustibles (e.g.,
flammable/combustible liquids and trash). Flammable/combustible liquid spill fires and trash fires
are the most commonly postulated transient fuel exposure fires, while electrical cable and cabinet
fires are the most commonly postulated fixed fuel fires in NPPs. In fact, the plastic insulation and
jackets on electrical cables are usually the predominant flammable material in an NPP.

The most common method to measure HRR is known as “oxygen consumption calorimetry”
(ASTM E1354). The basis of this method is that most gases, liquids, and solids release a constant
amount of energy for each unit mass of oxygen consumed. This constant has been found to be
13,100 kJ/kg oxygen consumed and is considered to be accurate within +5 percent for most
hydrocarbon fuels. After ignition, all of the combustion products are collected in a hood and
removed through an exhaust duct in which the flow rate and composition of the gases is measured
to determine how much oxygen has been used for combustion. The HRR then can be computed
using the constant relationship between oxygen consumed and energy released.

Another common method of assessing HRR is to measure the burning rate, which is also known
as the mass loss rate. This is done by weighing the fuel package as it burns, using weighing
devices or a load cell. Estimating the HRR based on the mass loss rate requires knowledge of the
effective heat of combustion. The HRR is then calculated using the following equation:

Q = thAH, 4 (3-1)
Where:
() = heat release rate (kW)

m = burning or mass loss rate (kg/sec)

AH, . = effective heat of combustion (kJ/kg)
The average burning rates for many products and materials have been experimentally determined
in free-burning tests. For many materials, the burning rate is reported per horizontal burning area
in units of kg/m?-sec. If the area of the fuel and the effective heat of combustion are known, the
above equation becomes:

Q= m"AH, g A (1- &) (3-2)
Where:
" = burning or mass loss rate per unit area per unit time (kg/m*sec)
A, = horizontal burning area of the fuel (m?)
kB= empirical constant (m™)
D = diameter of burning area (m)
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The average burning rate per unit area per unit time, heat of combustion, and fuel-specific
properties have been tabulated for a number of different fuels. (See Table 3-2 for free-burning fire
characteristics of various fuels.)

Table 3-2. Large-Pool Fire Burning Rate Data
(Babrauskas, 2002, © SFPE. With permission.)

Material Mass Loss Heat of Density Empirical
Rate Combustion Constant
" AHc, eff p kB
(kg/m?sec) | (kJikg) (kg/m") (m”)
Cryogenics
Liquid H, 0.017 12,000 70 6.1
LNG (mostly CH,) 0.078 50,000 415 .
LPG (mostly C3Hy) 0.099 46,000 585 1.4
Alcohols
Methanol (CH;0OH) 0.017 20,000 796 100 **
Ethanol (C,H;0H) 0.015 26,800 794 100 **
Simple Organic Fuels
Butane (C,H,,) 0.078 45,700 573 2.7
Benzene (Cg4Hg) 0.085 40,100 874 2.7
Hexane (CgH,4) 0.074 44,700 650 1.9
Heptane (C;H ) 0.101 44,600 675 .
Xylene (CgH ) 0.090 40,800 870 1.4
Acetone (C;H O) 0.041 25,800 791 1.9
Dioxane (C4,HgO,) 0.018 26,200 1,035 5.4
Diethyl ether (C,H,,0) 0.085 34,200 714 0.7
Petroleum Products
Benzine 0.048 44,700 740 3.6
Gasoline 0.055 43,700 740 21
Kerosene 0.039 43,200 820 3.5
JP-4 0.051 43,500 760 3.6
JP-5 0.054 43,000 810 1.6
Transformer Oil, hydrocarbon 0.039 46,400 760 0.7
Fuel Oil, heavy 0.035 39,700 940-1,000 1.7
Crude Oil 0.022-0.045 42,500-42,700 830-880 2.8
Solids
Polymethylmethacrylate 0.020 24,900 1,184 3.3
(CsHgO0,),
Polypropylene (C;Hg), 0.018 43,200 905 100 **
Polystyrene (CgHg), 0.034 39,700 1,050 100 **

Miscellaneous
561® Silicon Transformer Fluid 0.005 28,100 960 100 **

** these values are to be used only for computation purposes; the true values are unknown.
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The effective heat of combustion (sometimes called the chemical heat of combustion) is a measure
of how much energy is released when a unit mass of material is oxidized. This value is typically
given in kJ/kg. It is important to distinguish between the complete heat of combustion and the
effective heat of combustion. The complete heat of combustion is the measure of energy released
when combustion is complete, leaving no residual fuel and releasing all of the chemical energy of
the material. The effective heat of combustion is more appropriate for a fire in which combustion
is not necessarily complete and some residue remains. This is also sometimes termed the
chemical heat of combustion.

For example, Babrauskas (1983 and 1986) distinguishes four burning modes of pool fires as
defined by size in Table 3-3.

Table 3-3. Pool Fire Burning Modes

Pool Fire Diameter (m) Burning Mode

<0.05 (2 in) Convective, laminar
<0.2 (8 in) Convective, turbulent
0.2to 1.0 (8 in to 3.3 ft) Radiative, optically thin
>1.0 (3.3 ft) Radiative, optically thick

3.2.1 Enclosure Effects on Mass Loss Rate

When an object (fuel) burns inside a compartment, the two main factors that influence the fire
growth are energy released and burning or mass loss rate of the fuel. The smoke and hot gases
willaccumulate atthe compartment ceiling level and heat the compartmentboundaries (ceiling and
walls). These compartment boundary surfaces and the hot gases radiate heat toward the fuel
surface, thereby increasing the fuel burning rate. Second, the compartment openings (doors,
windows, and other leakage areas) may restrict the availability of oxygen needed for combustion,
thereby decreasing the amount of fuel consumed and increasing in the concentration of unburned
gases. If the ventilation opening is small, the limited availability of oxygen causes incomplete
combustion, thereby decreasing the HRR, which in turn reduces the gas temperature and heat
transfer to the fuel surface, while the fuel continues to release volatile gases at a similar or
somewhat lower rate. When partial combustion of the gases occurs within the compartment, the
gas leaving the compartment mixes with oxygen and flames appear at the ventilation opening. In
summary, compartment heat transfer can increase the burning or mass loss rate of the fuel, while
compartment ventilation of the available air near the floor decreases the mass loss rate.

3.2.2 Pool Fires

A poolfire involves a horizontal, upward-facing, combustible fuel. The term implies the fuel in the
liquid phase (pool), but it can also apply to flat slabs of solids fuels which decompose in a manner
similarto liquids [e.g., Polymethylmethacrylate (PMMA or Plexiglass) and Polyethylene (PE)]. Liquid
fuel may burn in an open storage container or on the ground in the form of a spill. For a given
amount of fuel, spills with a large surface area burn with a high HRR for a short duration, and spills
with a smaller surface area burn with a lower HRR for a longer duration. When spilled, the
flammable/combustible liquid may form a pool of any shape and thickness, and may be controlled
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by the confinement of the area geometry such as a dike or curbing. Once ignited, a pool fire
spreads rapidly over the surface of the liquid spill area. The burning rate of a given fuel can also
be affected by its substrate (i.e., gravel and sand) in a spill. For flammable/combustible liquids,
flame spread rates range from approximately 10 cm/sec (4 in/sec)to 2 m/sec (6.6 ft/sec). Poolfires
in NPPs can result from leakage of the reactor coolant pump (RCP) at the gland or the seal,

oil spill from electrical transformers, and pumps or fuel spray from pipe flanges on equipment such
as standby diesel generator (SBDGs). Transient fuels such as liquids used for cleaning and
painting are sources of pool fire in an NPP. Figure 3-2 depicts the dynamic feature of a pool fire.
Table 3-4 summarizes the burning rate of combustible liquids and solids found in typical NPPs.

Table 3-4. Burning Rates of Some Common Combustible Materials
Found in Nuclear Power Plants*®

Fuel Mass Burning Rate Heat of Combustion Density
" AH et p
(kg/m3-sec) (kJ/kg) (kg/m?)

Cable Materials

PE/PVC 0.0044 25,100 -

XPE/FRXPE 0.0037 28,300 -

XPE/Neoprene 0.0043 10,300 -

PE, PP/CILS.PE 0.0026 26,800 -

FRXPE/CI.S.PE 0.0033 17,300 -

PE, Nylon/PVC, Nylon 0.0034 10,200 -

Silicone, glass braid, asbestos 0.0045 24,000 -

XPE/XPE 0.0044 12,500 -

FEP - Teflon™ 0.007 3,200 -

ETFE - Tefzel™ 0.014 12,600 -

Flammable/Combustible Liquid

Diesel Oil 0.044 44,400 918

Gasoline 0.055 43,700 740

Kerosene 0.039 43,200 820

Transformer Oil 0.039 46,000 760

Lube Oil (used in RCP motors and
turbine lubrication)** - - -

Cellulose Material
Wood 0.055 13,000-15,000 420-640

*Empirical constants (kB) are unknown. Use kB = 100m™ as a conservative estimate.
**For lubricating oil, use properties of transformer oil (has similar burning characteristics).
CL.S.PE-Chlorosulfonated Polyethylene; FR-Fire Retardant; PE-Polyethylene; PP-Polypropylene;

PVC-Polyvinylchloride; Teflon™ - FEP-Fluorinated Polyethylene- Propylene;
Tefzel™- ETFE-Ethylenetetrafluoroethylene; XLPE-Crosslinked Polyethylene.
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Figure 3-2 Dynamic Features of a Pool Fire

3.3 Burning Duration

The burning rate of a given fuel is controlled by both its chemistry and its form. Fuel chemistry
refers to its composition (e.g., cellulosic vs. petrochemical). Common cellulosic materials include
wood, paper, cotton, and fabric. Petrochemical materials include liquids or plastics that are largely
petroleum based. The form (or shape) of the fuel material also has an effect on its burning rate.
A particularly important form factor is the surface area to mass ratio of the fuel, which is defined as
the surface area available to combust as compared to the total mass of the material.

The concept of burning duration is a way of characterizing the hazard of a compartment fire in
terms of the length of time the fuel in the compartment could be expected to burn, which depends
on the total amount of fuel available. Fuel loading is the concept that describes the expected
burning duration, provided that the necessary amount of air is available (i.e., fuel-controlled fire).
A fire burning at a constant HRR consumes fuel mass at a constant rate. Thus, the mass of
material being burned per second and the amount of material available to be consumed, it is
possible to estimate the total burning duration of a fuel.
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3.3.1 Burning Duration of a Pool Fire

When a spilled liquid is ignited, a pool fire develops. Provided that an ample supply of oxygen is
available, the amount of surface area of the given liquid becomes the defining parameter. The
diameter of the pool fire depends upon the release mode, release quantity (or rate), and burning
rate. In some instances, the spill is unrestricted by curbs or dikes, allowing it to spread across the
ground and establish a large exposed surface area. Liquid pool fires with a given amount of fuel
can burn for long periods of time if they have a small surface area, or for short periods of time over
alarge spillarea. For a fixed mass or volume of flammable/combustible liquid, the burning duration
(t,) for the pool fire is estimated using the following expression:

4V
TI:DE‘-.-'

ty (3-3)
Where:

V = volume of liquid (gallons or m?)

D = pool diameter (m)

v = regression rate (m/sec)

As a pool of liquid combusts and the fuel is consumed, its depth decreases. The rate of burning,
also called the regression rate (v), is defined as a volumetric loss of liquid per unit surface area of
the pool per unit time, as illustrated by the following expression:

I
=2 (3-4)
=
Where:
" = mass burning rate of fuel per unit area (kg/m?*-sec)

p = liquid fuel density (kg/m?®)

3.4 Flame Height

A flame is a body or stream of gaseous material involved in the combustion process, which emits
radiant energy at specific wavelength bands depending on the combustion chemistry of the fuel
involved. In most cases, some portion of the emitted radiant energy is visible to the human eye as
the glowing, gaseous portion of a fire, which is typically referred to as its flame.

The flame generally consists of a mixture of oxygen (air) and another gas, typically a combustible
substance such as hydrogen, carbon monoxide, or a hydrocarbon. The brightest flames are not
always the hottest. For example, hydrogen exhibits a high flame temperature. However it
combines with oxygen when burning to form water, hydrogen has an almost invisible flame under
ordinary circumstances. When hydrogen is absolutely pure and the air around itis completely free
of dust, the hydrogen flame cannot be seen, even in a dark room.

In order to gain a better understanding of flames, a burning candle can be used as an example.
When the candle is lit, the heat of the match melts the wax, which is carried up the wick and
vaporized by the heat. As it is broken down by the heat, the vaporized wax combines with the
oxygen of the surrounding air and produces heat and light in the form of a flame. The candle flame
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consists of three zones, which are easily distinguished. The innermost, nonluminous zone is
composed of a gas/air mixture at a comparatively low temperature. In the second luminous zone,
hydrogen (H,) and carbon monoxide (CO) (two of many products from the decomposition of the
wax) react with oxygen to form combustion products, which include water (H,0) and carbon dioxide
(CO,). In this zone, the temperature of the flame is 590-680 °C (1,094-1,256 °F), which is
sufficiently intense to dissociate the gases in the flame and produce free carbon particles. These
particles are heated to incandescence and then consumed. Outside the luminous zone is a third,
invisible zone in which the remaining CO and H, are finally consumed. This zone is not visible to
the human eye. Figure 3-3 shows the temperature distribution through the flame of a burning candle.

Candle Flame
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T~ 200°C

Diffusion Flame

Figure 3-3 Temperature Distribution in the Flame of a Burning Candle

All combustible substances require a finite amount of oxygen for complete burning. (A flame
can be sustained in an atmosphere of pure chlorine, but combustion cannot complete.) In the
burning of a candle or solids such as wood or coal, the surrounding atmosphere supplies this
oxygen. In gas burners, air or pure oxygen is mixed with the gas at the base of the burner so
that the carbon is consumed almost instantaneously at the mouth of the burner. This is an
example of a premixed flame. The hottest portion of the flame of a Bunsen burner has a
temperature of approximately 1,600 °C (2,912 °F). By contrast, the hottest portion of the
oxygen-acetylene flames (torch) used for cutting and welding metals reaches approximately
3,500 °C (6,330 °F) because the increased oxygen in the case of the torch yields a significantly
higher flame temperature. Any time the oxygen rate is increased (e.g., wind- or airflow-aided
combustion or an oxygen-enriched atmosphere), the temperatures obtained will be higher than
for the fuel combusting in a normal atmosphere.
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A flame can be thought of in two distinct categories, including diffusion flame (Figure 3-4) and
premixed flame (Figure 3-5). A diffusion flame is one in which the fuel and oxygen are
transported (diffused) from opposite sides of the reaction zone (flame). A premixed flame is one
in which the oxygen is mixed with the combustible gas by some mechanical device prior to
combustion. Figure 3-6 illustrates a laminar diffusion flame produced by a burning candle.
(Laminar means that the flow streamlines are smooth and do not bounce around significantly.)
Figure 3-7 illustrates practical examples of premixed flames.
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Figure 3-4 Diffusion Flame
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Figure 3-5 Premixed Flame
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Figure 3-6 Laminar Diffusion Flame



Acetylene + Air
(CoH, + Oy)

Welding Torch

Filler Rod Fuel and Air Mixture

Flame
S
Oxy-Acetylene Flame
Fuel Vapor
) Y )

Fuel Air Mixture
(Combustible Mixture)

Internal Combustion (IC) Engine

Figure 3-7 Turbulent Premixed Flames



Mostturbulent premixed flames occurin engineered combustion systems, such as a boiler, furnace,
process heater, gas burner, oxyacetylene torch, gasoline engine, orhome gas cooking range. Most
natural flaming processes produce diffusion flames, since no burner or other mechanical device
exists to mix fuel and air. Common examples include a candle flame, a trash can fire,
a hydrocarbon pool fire, or a forest fire.

3.41 Flame Extensions Under Ceiling

Most fire protection engineering (FPE) applications are concerned with the buoyant axisymmetric
plume, which is caused by a turbulent diffusion flame above the burning fuel. When a flame
impinges on an unconfined ceiling, the unburnt gases spread out radially and entrain air for
combustion. A circular flame is then established under the ceiling, forming what is known as a
ceiling jet. The ceiling configuration is very important for at least two reasons:

(1) Fire detection devices and automatic sprinklers are generally mounted just under the
ceiling, and knowledge of the time of arrival and properties of a potential ceiling jet are
crucial for predicting when the devices will be actuated.

(2) The downward thermal radiation from a ceiling jet, and from the hot ceiling itself, is a major
factor in preheating and igniting combustible items that are not yetinvolved in the fire. This
radiation heat transferis very importantin affecting the rate of fire spread. Figure 3-8 shows
flame extensions under a smooth ceiling.

3.4.2 Flame Impingement

Flame that directly impacts a surface is called flame impingement. Direct flame impingement
generally transfers large quantities of heat to the surface. Flame impingement occurs when gases
from a buoyant stream rise above a localized area. The buoyant gas stream is generally turbulent
except when the fire source is very small.

3.4.3 Flame Temperature

The pulsing behavior of a flame affects its temperature. The temperature varies across the width
and height of the flame and the temperature at a fixed position will fluctuate widely, particularly
around the edges and near the top of the flame. Therefore, any discussion of flame temperature
usually involves reporting the centerline temperature or average flame temperature, which is
determined by measuring the temperature at different times and different locations within the flame.

Table 3-5 summarizes the average flame temperature for a range of common fuel types. Notice
that the flame temperature for flames involving gasoline is approximately the same as for flames
involving wood. While these values may seem odd, they are explained by the different radiation
properties of the flames produced by the respective materials.
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Table 3-5. Flame Temperatures of Selected Fuels

Fuel Source (Flames) Flame Temperature
°C (°F)

Benzene 921 (1,690)
Gasoline 1,026 (1,879)

JP-4 927 (1,701)
Kerosene 990 (1,814)
Methanol 1,200 (2,192)

Wood 1,027 (1,881)

For convenience, we can subdivide the turbulent diffusion flames from potentially hazardous fires

into flames in the open, and room fires as described in the following sections.



3.4.4 Flames Temperatures of Open Fires

The starting point for discussing the flame temperatures of open fires can be the work of the
McCaffrey (1979), who extensively studied temperatures in turbulent diffusion flames. McCaffrey
used gas burners in a “pool fire” mode (i.e., non-premixed) and studied various characteristics of
such fire plumes. He described three different regimes in such a fire plume:

(1) The continuous flame region begins slightly above the base of the fire, where the
temperatures are constant and slightly below 900 °C (1,652 °F).
(2) The intermittent flame region is above the continuous flame region. Here the temperatures

drop as a function of distance up the plume. The visible flame tips have a temperature of
about 320 °C (608 °F).

(3) The thermal plume region is beyond the flame tips, where no more flames are visible and
the temperature continues to drop as height increases away from the flame.

French researchers at the University of Poitiers recently made the same types of measurements
(Audoin et al., 1995) and reported numerical values indistinguishable from McCaffrey’s (Cox and
Chitty, 1980). The French researchers measured similar plumes and obtained very similar results
of a temperature of 900 °C (1,652 °F) in the continuous flame region, and a temperature of around
340 °C (644 °F) at the flame tips.

Taking all of the above information into account, it appears that flame tip temperatures for turbulent
diffusion flames should be estimated as being around 320 to 400 °C (608 to 752 °F). For small
flames (less than about 1 m base diameter), continuous flame region temperatures of around
900 °C (1,652 °F) should be expected. For large pools, the latter value can rise to 1,100
to 1,200 °C (2,012 to 2,192 °F).

3.4.5 Flame Temperatures in Room Fires

The fire science community generally agrees thatflashoveris reached when the average upper gas
temperature in the room exceeds 600 °C (1,112 °F). There will be zones with flame temperature
of 900 °C (1,652 °F), but wide spatial variations will be seen. Of interest, however, is the peak fire
temperature normally associated with room fires. This peak value is governed by ventilation and
fuel supply characteristics. As a result of these variables, peak fire temperature values will form
a wide frequency distribution (Babrauskas and Williamson, 1979). The maximum value is around
1,200 °C (2,192 °F), although a typical post-flashover room fire will more commonly have a peak
temperature of 900 to 1,000 °C (1,652 to 1,832 °F). The time-temperature curve (TTC) for the
standard fire endurance test (ASTM E119) extends to 1,260 °C (2,300 °F), as is reached in 8 hours.
Note that no jurisdiction demands fire endurance periods of more than 4 hours, at which time,
the curve only reaches 1,093 °C (1,999 °F).

The peak temperatures expected in room fires are slightly greater than those found in free-burning
open flames. Heatlosses from the flame determine how far below the adiabatic flame temperature
the actual temperature will be’. When a flame is far away from any walls and does not heat the
enclosure, it radiates to surroundings which are typically at a starting temperature of 20 °C (68 °F).
If the flame is large enough, or the room small enough, for the walls to heat up substantially, the
flame exchanges radiation with a body that is several hundred degrees Celsius; the consequence
is smaller heat losses leading to a higher flame temperature.

Adiabatic flame temperature is defined as the flame temperature with no heat loss.

3-14



3.4.6 Adiabatic Flame Temperature

Adiabatic means without losing heat. Thus, adiabatic flame temperatures would be achieved in a
(theoretical) combustion system in which there are no heat losses and, hence, no radiation losses
from the flame. Because this cannot be achieved in practice (given the inefficiencies of
combustion) and is never achieved in a fire situation, adiabatic flame temperatures are calculated
values.

The amount of energy or heat released from the combustion reaction of fuel and air (or oxygen) is
the heat of combustion. If all of the energy released by this chemical reaction were used to raise
the temperature of the products (CO,, H,0, and N,) with no heat losses, the resultant temperature
would be the adiabatic flame temperature, which represents the maximum possible theoretical
temperature for a particular fuel/oxidant combustion. Table 3-6 gives adiabatic flame temperatures
for a variety of fuels. Remember from the earlier discussion, a given fuel will always have a higher
adiabatic flame temperature when burned in pure oxygen than it will when burned in normal air
(21-percent oxygen). This is because the heat of combustion must be used to raise the
temperature of the nitrogen in air and, therefore, does not contribute to the energy release.

Table 3-6. Adiabatic Flame Temperatures of Selected Fuels

Fuel Source Adiabatic Flame Temperature
K (°C) (°F)
Hydrogen (H,) 2,525 (2,252) (4,085)
Carbon Monoxide (CO) 2,660 (2,387) (4,329)
Methane (CH,) 1,446 (1,173) (2,143)
Ethane (C,Hg) 1,502 (1,129) (2,064)
Ethylene (C,H,) 2,565 (2,289) (4,152)
Acetylene (C,H,) 2,910 (1,281) (2,338)
Propane (C3Hy) 1,554 (2,117) (3,843)
Propylene (C;Hg) 2,505 (2,232) (4,050)
n-Butane (n-C,H,,) 1,612 (1,339) (2,442)
n-Octane (n-CgHy) 1,632 (1,359) (2,478)
n-Heptane 1,692 (1,419) (2,586)
n-Pentane 1,564 (1,291) (2,356)

The energy required to raise the temperature of the combustion products is determined by the mass
of the products, their heat capacities, and the difference between the initial and final temperatures.
Specific heat is defined as the amount of energy required to raise the temperature of a given
amount of product 1 °C (or K).



3.4.7 Temperatures of Objects

It is common practice for investigators to assume that an object next to a flame of a certain
temperature will also be of that same temperature. This assumption is not entirely accurate. If a
flame is exchanging heat with an object that was initially at room temperature, it will take a finite
amount of time for the temperature of that object to increase to a value similar to that of the flame.
Exactly how long this will take is a question for the study of heat transfer, which is usually presented
to engineering students over several semesters of university classes. It should be clear that simple
rules-of-thumb for first order approximations would not be expected. Here, we will merely point out
that the rate at which target objects gain heatis largely governed by their size, density, and thermal
conductivity. Small, low-density, low-conductivity objects will heat much faster than massive,
dense, highly conductive objects.

3.4.8 Flame Height Calculations

The height of a flame is a significant indicator of the hazard posed by the flame. Flame height
directly relates to flame heat transfer and the propensity of the flame to impact surrounding objects.
As a plume of hot gases rises above a flame, the temperature, velocity, and width of the plume
changes as the plume mixes with its surroundings. The size (height) and temperature of the flame
are importantin estimating the ignition of adjacent combustibles. Figure 3-9 shows a characteristic
sketch of the flame height fluctuations associated with the highly intermittent pulsing structure of
a flame, particularly along its perimeter and near its top. This intermittence is driven largely by the
turbulent mixing of air and subsequent combustion, and the pulsing behavior, in turns affects the
temperature of the flame. Thus the temperature at a fixed position fluctuates widely, particularly
around the edges and near the top of the flame. This is why flame temperature is usually reported
in terms of the centerline temperature or average flame temperature.

Figure 3-9 Characteristics of Flame Height Fluctuations



Researchers define flame height as the height at which the flame is observed at least 50-percent
of the time. Above the fuel source, the flaming region is characterized by high temperature and is
generally luminous. Flames from pool fires fluctuate periodically so that the tip of the flame is
significantly different from the length of the continuous combustion (or luminous) region.
Consequently, flame height has been defined by various criteria in order to correlate data.

The flame height is an important quantitative characteristic of a fire and may affect fire detection
and suppression system design, fire heating of building structures, smoke filling rates, and fire
ventilation. Flame height typically depends on whether the flame is laminar or turbulent. In general
laminar flames are short, while turbulent flames are tall. The following two correlations are widely
used to determine the flame height of pool fires (Heskestad, 1995 and Thomas, 1962) respectively:

2
H, = 023507 - 102D (3-6)
Where:
H; = flame height (m)
Q = heat release rate of the fire (kW)
D = diameter of the fire (m)

0l
H; =42 D{ i ]
: ajgh (3-7)
Where:
H; = flame height (m)
D = diameter of the fire (m)
" = burning or mass loss rate per unit area per unit time (kg/m*sec)
p, = ambient air density (kg/m®)
g = gravitational acceleration (m/sec?)

The above correlations can also be used to determine the length of the flame extension along the
ceiling and to estimate radiative heat transfer to objects in the enclosure.

The HRR of the fire can be determined by laboratory or field testing. In the absence of
experimental data, the maximum HRR for the fire is given by the following equation:

Q= th"DH_gA (1-e®P)  (3-8)
Where:
Mm* = burning or mass loss rate per unit area per unit time (kg/m?-sec)
AH_ = effective heat of combustion (kJ/kg)
A, = horizontal burning area of the fuel (m?)
kB= empirical constant (m™)
D = diameter of burning area (m)
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For non-circular pools, the effective diameter is defined as the diameter of a circular pool with an
area equal to the actual pool area given by the following equation:

D= fﬁ (3-9)
T
Where:

A is the surface area of the non-circular pool

3.5 Assumptions and Limitations

The methods discussed in this chapter are subject to several assumptions and limitations that apply
to HRR:

(1) The pool fire is burning in the open and is characterized by instantaneous, complete
involvement of the flammable/combustible liquid.

(2) There is no fire growth period. (Real liquid pool fires grow very quickly, and it is realistic to
assume that the pool fire instantaneously reaches its maximum HRR.)

In addition, the following assumptions and limitations apply to burning duration:

(1) The pool is circular or nearly circular and contains a fixed mass or volume of
flammable/combustible liquid. The mass or volume of any spill with a non-circular
circumference must be approximated as a circular measurement. For example an
accidental fuel is ignited in a pump room and causes cable trays to be exposed to a pool
fire. The spill area is a rectangular dike with dimensions of 4-ft x 5-ft. The equivalent
diameter of the pool fire is given by Equation 3-9:

[4 4
D= £
T

A; = the surface area of noncircular pool

Where:

Therefore, the equivalent diameter of the non-circular pool is as follows:

o B
T

(2) There is no fire growth period. (As stated above, real liquid pool fires grow very quickly, and
it is realistic to assume that the pool fire instantaneously reaches its maximum HRR.)



In addition, the following assumptions and limitations apply to flame height:

(1) The flame height correlation described in this chapter was developed for horizontal pool fire
sources in the center or away from the center of the compartment. The turbulent diffusion
flames produced by fires burning near or close to a wall or in a corner configuration of a
compartment effect the spread of the fire. The flame height correlations of fires burning
near walls and corners is presented in Chapter 4.

(2) The size of the fire (flame height) depends on the diameter of the fuel and the HRR
attributable to the combustion.

(3) This correlation is developed for two-dimensional sources (primarily pool fires) and this
method assumes that the pool is circular or nearly circular.

(4) There is no fire growth period. (As stated above, real liquid pool fires grow very quickly, and
it is realistic to assume that the pool fire instantaneously reaches its maximum HRR.)

3.6 Required Input for Spreadsheet Calculations

The user must obtain the following values before attempting a calculation using the characteristics
of liquid pool fire spreadsheet:
(1) fuel spill volume (gallons)

(2) fuel spill area or dike area (ft?)

(3) fuel type

3.7 Cautions

(1) Use (03_HRR_Flame_Height Burning_Duration_Calculation.xls) spreadsheeton the CD-ROM.

(2) Make sure to enter the input parameters in the correct units.

3.8 Summary

An engineering approach to pool fire burning characterization requires a classification according
to the dominant heat transfer mechanism, which can be expressed as being dependent on pool
diameter. The pool shall include fires resulting from spilled liquids, fires in diked or curbed areas,
and fires in open areas. These fires will be typically considered to be circular.

Estimating the burning duration of a pool fire involves the following steps:

(1) Determine the regression rate of the pool fire.
(2) Calculate the equivalent diameter of the pool fire.
(3) Calculate the burning duration of the pool fire.

The flame heightis generally defined as the height at which (or above which) the flame is observed
at least 50-percent of the time. Visual observations tend to yield slight overestimations of flame
height.



Estimating the flame height from a pool fire involves the following steps:

(1) Determine the HRR of the pool fire.
(2) Calculate the equivalent diameter of the pool fire.
(3) Determine the height of the pool fire flame.

3.9 References

ASTM E1354-97, “Standard Test Method for Heat and Visible Smoke Release Rates for Materials
and Products Using an Oxygen Consumption Calorimeter,” ASTM Fire Test Standard, Fifth Edition,
American Society of Testing and Materials, West Conshohocken, Pennsylvania, pp. 1097-1114,
1999.

Audoin, L., et al., “Average Centerline Temperatures of a Buoyant Pool Fire Obtained by Image
Processing of Video Recordings,” Fire Safety Journal, Volume 24, pp. 107-130, 1995.

Babrauskas, V., et al., “Fire Performance of Wire and Cable: Reaction—to—Fire Tests A Critical
Review of the Existing Methods of New Concepts,” NIST Technical Note 1291, U.S. Department
of Commerce, National Institute of Standards and Technology (NIST), Building and Fire Research
Laboratory (BFRL), Gaithersburg, Maryland, 1991.

Babrauskas, V. “Estimating Large Pool Fire Burning Rates,” Fire Technology, November,
pp. 251-261, 1983.

Babrauskas, V., “Free-Burning Fires,” Fire Safety Journal, Volume, 11, Nos. 1 & 2, pp. 33-51,
July/September 1986.

Babrauskas, V., “Burning Rates,” Section 3, Chapter 3-1, SFPE Handbook of Fire Protection
Engineering, 3™ Edition, P.J. DiNenno, Editor-in-Chief, National Fire Protection Association, Quincy,
Massachusetts, 2002.

Babrauskas, V., and R.B. Williamson, “Post-Flashover Compartment Fires,” Fire and Materials,
Volume 2, pp. 39-53: 1978, and Volume 3, pp. 1-7, 1979.

Chavez, J.M., “An Experimental Investigation of Internally Ignited Fires in Nuclear Power Plant
Control Cabinets: Part 1 Cabinet Effects Tests,” NUREG/CR-4527, U.S. Nuclear Regulatory
Commission, Washington, DC, April 1987.

Cox, G., and R. Chitty, “A Study of the Deterministic Properties of Unbounded Fire Plumes,”
Combustion and Flame, Volume 39, pp. 191-209, 1980.

Heskestad, G., “Fire Plumes,” Section 2, Chapter 2-2, SFPE Handbook of Fire Protection
Engineering, 2" Edition, P.J. DiNenno, Editor-in-Chief, National Fire Protection Association,

Quincy, Massachusetts, 1995.

Karlsson, B., and J.G. Quintiere, Chapter 3, “Energy Release Rates,” Enclosure Fire Dynamics.
CRC Press LLC, New York, pp. 25-46, 1999.

3-20



Lee, B.T., “Heat Release Rate Characteristics of Some Combustibles Fuel Sources in Nuclear
Power Plants,” NBSIR 85-3195, U.S. Department of Commerce, National Bureau of Standards
(NBS), Washington, DC, July 1985.

McCaffrey, B.J., “Purely Buoyant Diffusion Flames: Some Experimental Results,” NBSIR79-1910,
National Bureau of Standards (NBS), Washington, DC, 1979.

Nowlen, S.P., “Heat and Mass Release for Some Transient Fuel Sources Fires: A Test Report,”
NUREG/CR-4680, U.S. Nuclear Regulatory Commission, Washington, DC, October 1986.

Nowlen, S.P., “Quantitative Data on the Fire Behavior of Combustible Materials Found in Nuclear
Power Plants: A Literature Review,” NUREG/CR-4679, U.S. Nuclear Regulatory Commission,
Washington, DC, February 1987.

Thomas, P.H., “The Size of Flames from Natural Fires,” Nine Symposium (International) on
Combustion, The Combustion Institute, Pittsburgh, Pennsylvania, pp. 844-859, 1962.

3.10 Additional Readings

Davenport, J.A., and R.P. Benedetti, Editors, Understanding Fire Protection for Flammable Liquids,
National Fire Protection Association, Quincy, Massachusetts, 2003.

Heskestad, G., “Flame Heights of Fuel Arrays with Combustion in Depth,” Proceedings of the Fifth
International Symposium on Fire Safety Science, International Association of Fire Safety Science,
pp. 427-438, 1997.

Ingason, H., “Two Dimensional Rack Storage Fires,” Proceedings of the Fourth International
Symposium on Fire Safety Science, International Association of Fire Safety Science,
pp. 1209-1220, 1994.

Ingason, H., and J. de Ris, “Flame Heat Transfer in Storage Geometries,” Fire Safety Journal, 1997.
McCaffrey, B.J., “Flame Height,” Section 2, Chapter 2-1, SFPE Handbook of Fire Protection
Engineering, 2" Edition, P.J. DiNenno, Editor-in-Chief, National Fire Protection Association,
Quincy, Massachusetts, 1995.

Mudan, K.S., and P.A. Croce, “Fire Hazard Calculations for Large Open Hydrogen Fires,” Section
3, Chapter 3-11, SFPE Handbook of Fire Protection Engineering, 2" Edition, P.J. DiNenno, Editor-

in-Chief, National Fire Protection Association, Quincy, Massachusetts, 1995.

Smith, D.A., and G. Cox, “Major Chemical Species in Turbulent Diffusion Flames,” Combustion and
Flame, Volume 91, pp. 226-238, 1992.

Yuan, L.M., and G. Cox, “An Experimental Study of Some Line Fires,” Fire Safety Journal, Volume
27, pp. 123-139, 1997.

3-21



3.11 Problems
Example Problem 3.10-1

Problem Statement

A pool fire scenario arises from a breach (leak or rupture) in an auxiliary cooling water pump oil
tank. This event allows the fuel contents of the pump to spill and spread over the compartment
floor. A 5-gallon, 9.0-ft? surface area spill of flammable liquid (lubricating oil) leads to consideration
of a pool fire in a compartment with a concrete floor. The fuel is ignited and spreads rapidly over
the surface, reaching steady burning almost instantly. Compute the HRR, burning duration, and
flame height of the pool fire. The dimensions of the compartment are 15 ft wide x 15 ft deep x 10
ft heigh. The cable tray is located 8 ft above the pool fire. Determine whether the flame will
impinge upon the cable tray. Assume instantaneous and complete involvement of the liquid pool
with no fire growth and no intervention by the plant fire department or automatic suppression

systems.
——————————— =151t —»I
_ I
|
| | =151t
|
'Y |
8t ’
1
V—\‘M_J
1 hp=10ft
s amies e e _L Hf C
V=5l ”‘_\
Agie =91t : : b
Qil Spill N
Example Problem 3-1: Compartment with Pool Fire
Solution
Purpose:

(1) Determine the Heat Release Rate (HRR) of the fire source.

(2) Determine the burning duration of the pool fire.

(3) Determine the flame height of the pool fire.

(4) Determine whether the flame will impinge upon the cable tray.
Assumptions:

(1) Instantaneous and complete involvement of the liquid in the pool fire

(2) The pool fire is burning in the open

(3) No fire growth period (instantaneous HRR_,,)

(4) The pool is circular or nearly circular and contains a fixed mass of liquid volume
(5) The fire is located at the center of the compartment or away from the walls
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Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) 03_HRR_Flame_Height Burning_Duration_Calculations.xls
FDT?® Input Parameter:
-Fuel Spill Volume (V) = 5 gallons
-Fuel Spill Area or Dike Area (Ag,) = 9.0 ft°
-Select Fuel Type: Lube Oil

Results*
Heat Release Rate Burning Pool Fire Flame Height (H,)
(HRR) Q Duration (t,) m (ft)
min.
KW (Btu/sec) (min.) Method of | Method of
Heskestad Thomas
772 (731) 7.35 2.31 (7.6) 2.67 (8.75)

*see spreadsheet on next page

Both methods for pool fire flame height estimation show that pool fire flame will impinge upon
the cable tray.
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Spreadsheet Calculations
FDT®: 03_HRR_Flame_Height_Burning_Duration_Calculations.xls (HRR-Calculations)

CHAFTER 3. ESTIMATING BURMING CHARACTERISTICS OF LICAAD PCCL FIRE,

HEAT RELEASE RATE, BURNING DURATION, AND FLAME HEIGHT

Version 18040
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ESTIMATING POOL FIRE HEAT RELEASE RATE

Rekreice : 5FPE Hanchook of File Prcton Sigheaniag |37 Bdbbe, 2002, Page 325,

Q=mdH. .(1-a 1A
M here 0= pool fire heat rele ase rate s
'=mass burning rate of fuel per unitsuface area (kg'm -sec)
AH. .= effective heat of combustion of fual kddog)
A= fues=surface area of pool fire (area invohred inwvapaorization) (m
kfi = empirical corstant im
[ = diameter of pool fire (diameter invoheed in vaporization, circular pool s a2sumed) (m)

Fodd Fire Diamaer Cacal2ion

P = |

W here Ay, = surface area of pool fire {m)

[ = poal fire diamter (m)

[ = i )

D= 1022 m

Hed Rde=mse Rae Calculation (Lkmkk with elatbels bbb fash polt, ke transtomer oll, eanie
Q= mH. e (1-a 1A koaed keathg o ackk i ko
== TT1EZ kY 73125 Btuizec || I

ESTIMATING POOL FIRE BURNING DURATION

Rekreics  SFPERanchook of Fle Poecion Sighearing 20 Editb, 1995, Pacg 3197,

t,= g i

N here t. = burning dur ation of pool fire (zec)
W= wolume of liquid (m
L = poal diameter (m)
W= reqression rate (misec)

Calcdaion for Regression Rate

W= m'p

M here W= reqression rate (misec)
m" = mass burning rate of fuel kg'm -sec)
P = liquid fuel dersity (ka'm

w= 0000051 mis ec

Burning Durstion Calcd gion

t.= i v

[t-= 44112 zec 755 minutes

Noe that a ekl pool The with a gies amo vt otte lcan bare 1o b pe rbcs of tme aversmallaracrior
shortperbik of tne Guera lagg area.

ESTIMATING POOL FIRE FLAME HEIGHT
METHOD OF HESKESTAD

Fegreacs | SFPERaabood of Fle Pooecin Enghesring 2 Editho, 1995, Pacg 2-10.

H=02350 -102D
M here Hi = poalfire flame height (m)

0= pool fire heat release rate gonm
[ = poal fire diameter (m)

Fodd Fire Flame Height Calculation
H=02350 -102D0

= 23 m 7.5 H
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METHOD OF THOMAS
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Example Problem 3.10-2
Problem Statement

A standby diesel generator (SBDG) room in a power plant has a 3-gallon spill of diesel fuel over a
1-ft* diked area. This event allows the diesel fuel to form a pool. The diesel is ignited and fire
spreads rapidly over the surface, reaching steady burning almost instantly. Compute the HRR,
burning duration, and flame height of the pool fire. The dimensions of the compartment are 10 ft
wide x 12 ft deep x 12 ft high. The cable tray is located 10 ft above the pool fire. Determine
whether flame will impinge upon the cable tray. Also, determine the minimum area required of the
pool fire for the flame to impinge upon the cable tray. Assume instantaneous, complete
involvement of the liquid pool with no fire growth and no intervention by plant fire department or
automatic suppression.
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Example Problem 3-2: Compartment with Pool Fire
Solution
Purpose:

(1) Determine the Heat Release Rate (HRR) of the fire source.

(2) Determine the burning duration of the pool fire.

(3) Determine the flame height of the pool fire.

(4) Determine whether the flame will impinge upon the cable tray.

(5) Determine the minimum dike area required for the flame to impinge upon the cable tray.

~— — — ~—

Assumptions:
(1) Instantaneous and complete involvement of the liquid in the pool fire
(2) The pool fire is burning in the open
(3) No fire growth period (instantaneous HRR,,,,)
(4) The pool is circular or nearly circular and contains a fixed mass of liquid volume
(5) The fire is located at the center of the compartment or away from the walls

~— — — ~—
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Spreadsheet (FDT®) Information:
Use the following FDT*:

(a) 03_HRR_Flame_Height_Burning_Duration_Calculations.xls

FDTs Input Parameter:

-Fuel Spill Volume (V) = 3 gallons
-Fuel Spill Area or Dike Area (Ay,) = 1.0 ft°

-Select Fuel Type: Diese

Results*

Heat Release Rate

(HRR) 2

Duration (t,) m (ft)

Burning Pool Fire Flame Height (H,)

min.
kW (Btu/sec) (min.) Method of Method of
Heskestad Thomas
95 (90) 42 1.1 (3.6) 1.4 (4.5)

*see spreadsheet on next page

Both methods for pool fire flame height estimation show that pool fire flame will notimpinge the

cable tray.

To determine the minimum dike area required for the flame to impinge upon the cable tray, the
user must substitute different values for the area in the spreadsheet until we obtain a flame
height value of 10 ft (cable tray height). The user must keep the input values used for the
previous results, and change only the area value. This trial and error procedure is shown in the

following table.

Trial | Age Pool Fire Flame Height (H,)
(ft?) m (ft)
Method of Heskestad Method of Thomas
1 9 2.4 (8.0) 2.9 (9.6)
2 10 2.6 (8.4) 3.0 (9.9)
3 11 2.6 (8.6) 3.1 (10.2)

To be conservative, we are going to consider the method that gets first the 10-ft flame height.
The method of Heskestad tells that the pool fire flame willimpinge upon the cable tray if the dike
area is 6.1 ft>. For practical purposes, we could say that a spill pool area around 5-6 ft> would

be a risk for the cable tray integri

ty.
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Spreadsheet Calculations

FDT®: 03_HRR_Flame_Height_Burning_Duration_Calculations.xls (HRR-Calculations)
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ESTIMATING POOL FIRE HEAT RELEASE RATE

Rekreics | 5FPE Hanchook of File Pricton Sigheariag |37 Edkbe, 2002, Page 325,

Q=mH. .(1-a 18
M he re 0= poal fire heat release rate onm
m" = mass burning rate of fuel per unitsuface areafkg'm -z ec)
AH. .= effective heat of combustion of fual kddog)
A= fues=surface area of pool fire (area invohred inwvapaorization) (m
kf = empirical corstant im
[ = diameter of pool fire (diameter invoheed in vaporization, circular pool s a2sumed) (m)

Fodd Fire Diamaer Cacal2ion

P = L i
i here Ay =surface area of pool fire (m )
[ = poal fire diamter (m)

[ = i b ST

] 024 m

Hed Rde=mse Rae Calculation (LEmkE with Blatbe ks bbh fash polit, ke tasstomer oll, eaaie
O=maH. . (1-e " 1A kca ked keathg o ackkw knton
[l== 9547 K 90.49 Btu/ssc

ESTIMATING POOL FIRE BURNING DURATICON

Fekreics  SFPERanchook of Fle Poecion Sighesring 20 Editb, 1995, Pacg 3-197.

=iy

M here t. = burning dur ation of pool fire (sec)
W=wolume of liquid (m
[ = poal diameter (m)
W =reqression rate (msec)

Calcdaion for Regression Rate
W= m'ip
W here W =reqression rate (misec)
m" = mass burning rate of fuel ka'm -sec)

P = liquid fuel dersiy (ka'm
W= 0000043 misec

Burning Durstion Calcd ion
t.= D w

[t-= 249765 sec 4155 mintes Hm

Noe thata Kkl pool The with & gies amo vt otte [can bare for bag pe rbds of tme verimallagaorfr
shortperbik of e cuera lagg ara.

ESTIMATING POOL FIRE FLAME HEIGHT
METHOD OF HESKESTAD

Regeics  5FPE oo of Fle Aoecion Eiglvesring , 20 Editho, 1995, Pace 2-10.

H=0zZ3580 -1020
W here H, = poalfire flame height {m)

0= pool fire heat release rate (dns
[ = poal fire diameter (m)

Fodd Fire Flame Height Calculation
H=02350 -1020

(.= 1.10 m 262t
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METHOD OF THOMAS
ReRrerce: SERS Hamboo of Fie Sotection Snghestg, 2 Blllon, 1995, Pag 3204

Hom 42 0 am~'p, w0 OO
Wiher Hy= pazIThe Thme e Kt}
Mm*=masbaniig e oTme lperosksnrnce ana ko '5e
po= ambEvtalrce i by kg
D = pool ke diame 1 s
o = g et alacse k aton dn e s

Pool Are Aam & Helght Caleulation
Hi= 42 0 im™p,u i O

[H.= 1.3 m 445 1t

Flame Heiaght C: lztion - ! ; ]

Zaleulation RMethod Aam & Halght itt)

|r.'| ETHOD OF HES KESTAD 362

M ETHOD OF THOMA S 443

ESTIMATIMG POOL FIRE RESULT 5 FOR RAMDOM SIZE SPILLS USING INFUT PARAMETER S
Arga () Arga {m ) Clam &tsr jm § @ KW toisec ) H: it (He skiestad ) H: (Tt Thom as §

1 [XE .34 95.47 2493.85 3.2 445
2 013 .49 190,95 124652 45T 5.6
3 .28 .80 186.42 §31.22 541 §.52
4 037 .69 38183 £23.41 5.1 7.20
5 .46 0.7 47738 435.73 652 .78
3 056 054 5T2.64 415,61 6.36 5.29
T nEs 031 66831 356.24 736 575
] nrd .37 TEITE 3171 772 516
] nEd 1.03 559.25 27T 5.03 955
10 033 1.03 35473 143.36 §.36 .30
11 102 1.14 1050.20 126.70 564 10.24
12 111 113 1145 .67 20780 5.2 10.55
13 1.21 1.24 1241.14 191.52 3.07 10.85
14 1.30 1.23 1336 .62 17612 3.42 11.13
15 1.33 1.33 1432.09 166.24 365 11.40
H 156 1.54 190543 124.65 10,65 12.60
25 2.32 1.72 238651 3975 1155 13.61
50 153 1.43 477363 43.87 14.70 17.32
TS 5.7 2.9% TIE0.44 33.25 16.89 19.94
L 5.2% 3.44 354725 14.94 15,62 13.04

Cartion: The pupose ot thls random splls 2 chartkDakl e ver v evalathg the
vazar of ranclom sEed spli. P kase vok thatthe caknlation dog wttke b accont
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gererakd wramallvame spli cver Ang aras shotklbe wwed wih exteme cantion.

The abewe c@bnlatbons are b don pricpks devekped i the SFPE Har ook of FIE
Prote ctbon Encibee rhg, 2ed Ediion, 1965,

Cakalatons ag based on cerial az omptions and bave e g tliniatons. The rovik
atsich caknlatons may or may wothaie raionabk predictve capabites tra ghe
staatbn, andshonklonl e WEPEEd Dy A bmed vEr
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Example Problem 3.10-3
Problem Statement

In one NPP, it was important to determine whether a fire involving a 4-gallon spill of lubricating oil
from an auxiliary feedwater (AFW) pump could cause damage to an unprotected electrical cable
pull box and cable trays. The unprotected pull box and cable trays were located 10 ft and 8 ft above
the AFW pump, respectively. The pump room had a floor area of 20 ft x 20 ft and a ceiling height
of 15 ft with a vent opening of 5 ft x 15 ft. Compute the HRR, burning duration, and flame height of
the pool fire with a diameter of 4 ft. The lowest cable tray is located 8 ft above the pool. Determine
whether flame will impinge upon the cable tray or cable pull box. Assume instantaneous, complete
involvement of the liquid pool with no fire growth and no intervention by the plant fire department
or automatic suppression systems.

Unprotected
Cable Box

% ssseees |Cable Trays

—

107t il

; BTt

Example 3-3: Compartment with Pool Fire

Solution
Purpose:
(1) Determine the Heat Release Rate (HRR) of the fire source.
(2) Determine the burning duration of the pool fire.
(3) Determine the flame height of the pool fire.
(4) Determine whether the flame will impinge upon the cable tray or cable pull box.
Assumptions:
(1) Instantaneous and complete involvement of the liquid in the pool fire
(2) The pool fire is burning in the open
(3) No fire growth period (instantaneous HRR,,,,)
(4) The pool is circular or nearly circular and contains a fixed mass of liquid volume
(5) The fire is located at the center of the compartment or away from the walls
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Pre FDT® Calculations:

The input parameters of the FDT® assigned for this problem are the fuel spill volume, dike area
and fuel material. As we can see, the problem statement does not give the dike area but the
pool diameter is given. The dike area can be obtained from the formula of the area of a circle,
since we assume that the pool has circular shape.

e e EDE = 3(4 £t = 1256 fi?

e
Spreadsheet (FDT?®)
Information:
Use the following FDT®:
(a) 03_HRR_Flame_Height_ Burning_Duration_Calculations.xls
FDT® Inputs: (for both spreadsheets)
-Fuel Spill Volume (V) = 4 gallons
-Fuel Spill Area or Dike Area (A,,,) = 12.56 ft*
-Select Fuel Type: Lube Oil

Results*
Heat Release Rate | Burning Pool Fire Flame Height (H,)
(HRR) Q Duration (t,) m (ft)
min.
kW (Btu/sec) (min.) Method of Method of
Heskestad Thomas
1,202 (1,139) 4.2 2.8 (9.1) 3.0 (9.8)

*see spreadsheet on next page

Both methods for pool fire flame height estimation show that pool fire flame will impinge upon the
cable tray and cable pull box.

3-33



Spreadsheet Calculations
FDT®: 03_HRR_Flame_Height_Burning_Duration_Calculations.xls (HRR-Calculations)

CHAPTER 3. ESTIMAT ING EURMING CHARACTERISTICS OF LIQUID POOL FIRE,
HEAT RELEASE RATE, BEURNING DURATION, AND FLAME HEIGHT

‘iersion 1803.0

Tre tollowirg calculalon: & ¢ bnak be bealeleare rak , bumirg dorakon, ard 1ame Feighl o lguld pool dre

Faram srein YELLOW CELLS are Enfersd by is U cer.

Faram s In GREEH S B LS are a1t mateally Selenied Tom the DROF DOWH MEBH U krthe Fusl Selsoted,

A1 equenl cupulvale s ae caloulaksl by e spreadshes | and bared onvakes speciied In e Inpul

parane krs, This spreadsbee |1 prokecied ard sears koavol srrors due o3 wrong enly na celkss,

Tre cheplerin e W URES shoukd be reasd bevors an araly 5 15 m ade.

INFUT PARAMETERS

Fuel Spllvolume O + 000,
Fuel pll Areaor DEe Areacs, o 1235
Mars Buming Rake of Fuel im™s [X]
Efechie HealoTCombuslon of Fuel (2H- S0
Fugl Derelly iph =
Enprical Conskanl ik 0.7
Ambknl Ar Temperakre (T 77 00|

Gravialoral Soelerakon (g
Ambknl Alr Derslly p s

Mok A deral by wil aulomabzally comeclwib Ambkenl Al Tem rakee (T

THEERMAL PROIPEETIES DATR
EUFHING RAT E DATA FOFR LIQUID HYDROCARBDH FUELS

Ma: By Fak Heal of Combiug lon Dl by B pdcal Corg bl | Salect Aasl Typs
Fuel m" (ki -pech iH oo RS p kg kfom IT‘Pﬁ
e hanal ooT =0 000 T Sercll o declred fusl tpe
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Euare: (cXare=d #5700 =T
Bercere [cRe= o} 40,100 =T+
Hexare 00T+ 44,700 =]
Hep ke (=N [xl} 44 500 ]
=ylere (=] 40 500 =70
fals ey ] 004 25 500 =l
Dlxare [y 25 200 [k}
Diely Eler (=3 34,200 T14
Eycie 0042 44,700 T40
Sas ollre [fx==) 43,700 T4
b calre [afuk:] 43,2300 =20
Dlerel D04 44 400 i
JP- 4 (i) 43,300 T
JP-3 (X 43000 =10
Trarwiormer 00, Hydrocarbon [fa:] 45 000 7
251 Qlkzon Thans Fom &1 Flukd 000E ==, 100 =l
Fuel Oll, Heamwy (k3 39,700 Enln]
e Ol 0.05Es 42 500 E=
Lube 01 003 45 000 T
Urer Cpedied Value Bribker sl Eriker vake Bikr s
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ESTIMATING POOL FIRE HEAT RELEASE RATE

Rekreics | 5FPE Hanchook of File Pricton Sigheariag |37 Edkbe, 2002, Page 325,

Q=mH. .(1-a 18
M he re 0= poal fire heat release rate onm
m" = mass burning rate of fuel per unitsuface areafkg'm -z ec)
AH. .= effective heat of combustion of fual kddog)
A= fues=surface area of pool fire (area invohred inwvapaorization) (m
kf = empirical corstant im
[ = diameter of pool fire (diameter invoheed in vaporization, circular pool s a2sumed) (m)

Fodd Fire Diamaer Cacal2ion

P = L i
i here Ay =surface area of pool fire (m )
[ = poal fire diamter (m)
[ = i b ST
] 1219 m
Hed Rde=mse Rae Calculation (LEmkE with Blatbe ks bbh fash polit, ke tasstomer oll, eaaie
Q=maH. .(1-e " 1A, boakked keathg o ackk i ko
[l== 1201.50 K 1132.81 Btuizec

ESTIMATING POOL FIRE BURNING DURATICON

Fekreics  SFPERanchook of Fle Poecion Sighesring 20 Editb, 1995, Pacg 3-197.

=iy

M here t. = burning dur ation of pool fire (sec)
W=wolume of liquid (m
[ = poal diameter (m)
W =reqression rate (msec)

Calcdaion for Regression Rate
W= m'ip
W here W =reqression rate (misec)
m" = mass burning rate of fuel ka'm -sec)

P = liquid fuel dersiy (ka'm )
W= 0000051 misec

Burning Durstion Calcd ion
t.= D w

[t-= 252.87 sac 471 mirtes Hm

Noe thata Kkl pool The with & gies amo vt otte [can bare for bag pe rbds of tme verimallagaorfr
shortperbik of e cuera lagg ara.

ESTIMATING POOL FIRE FLAME HEIGHT
METHOD OF HESKESTAD

Regeics  5FPE oo of Fle Aoecion Eiglvesring , 20 Editho, 1995, Pace 2-10.

H=0zZ3580 -1020
W here H, = poalfire flame height {m)

0= pool fire heat release rate (dns
[ = poal fire diameter (m)

Fodd Fire Flame Height Calculation
H=02350 -1020

(.= 277 m 507 &

3-35



METHOD OF THOMAS

Regrence: SAFES Hnmbooh of Fie FPotaction Sngieeing, 2 Blllon, 1995 Page 3004,

Hom 42 0 am~'p, w0 OO
Wiher Hy= pazIThe Thme e Kt}
Mm*=masbaniig e oTme lperosksnrnce ana ko '5e
po= ambEvtalrce i by kg
D = pool ke diame 1 s
o = g et alacse k aton dn e s

Pool Are Aam & Helght Caleulation
Hi= 42 0 im™p,u i O

[H.= .55 m 5.0 1

Flame Heiaght C: lztion - ! ; ]

Zaleulation RMethod Aam & Halght itt)

M ET HOD OF HES KESTAD 307

|r.-| ETHOD OF THOMA S 352

ESTIMATIMG POOL FIRE RESULT 5 FOR RAMDOM SIZE SPILLS USING INFUT PARAMETER S
Arga () Arga {m ) Clam &tsr jm § @ KW t.isec ) H: it (He skiestad ) H: (Tt Thom as §

1 [XE .34 3568 317603 363 408
2 013 .49 131.32 1558.04 458 5.13
3 .28 .80 186.98 1058.70 541 5.97
4 037 .69 382.64 Ta4.02 6.2 &80
5 .46 0.7 478.30 £35.22 652 T3
3 056 054 57357 529.35 637 7.0
T nEs 031 BEIEE 45373 736 5.02
] nrd .37 TE5.29 397.01 772 .40
] nEd 1.03 BE0.95 352.50 5.06 573
10 033 1.03 356.61 361 §.36 207
11 102 1.14 1052.27 185.74 563 238
12 111 113 1147 .53 16467 533 867
13 1.21 1.24 124359 244.31 ERE 5.54
14 1.30 1.23 1339.25 126.56 3.43 10.20
15 1.33 1.33 143491 21174 366 10.45
H 156 1.54 1913.22 155.50 10,63 11.55
25 2.32 1.72 239152 12704 1156 12.45
50 153 1.43 478303 £3.51 1471 15.87
TS 5.7 2.9% TIT4ST 42.35 16.31 18.2%
L 5.2% 3.44 356609 3178 15,64 20.20
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vazar of ranclom sEed spli. P kase vok thatthe caknlation dog wttke b accont
the vEcosfy orvolatiby otthe Ik, orthe absontl by otthe £ aface. The rink
gererakd wramallvame spli cver Ang aras shotklbe wwed wih exteme cantion.
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Prote ctbon Encibee rhg, 2ed Ediion, 1965,
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atsich caknlatons may or may wothaie raionabk predictve capabites tra ghe
staatbn, andshonklonl e WEPEEd Dy A bmed vEr
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CHAPTER 4. ESTIMATING WALL FIRE FLAME HEIGHT,
LINE FIRE FLAME HEIGHT AGAINST THE WALL,
AND CORNER FIRE FLAME HEIGHT

41 Objectives

This chapter has the following objectives:

. Identify the three regions of a diffusion flame.
. Explain how corners and walls affect flames.
. Define relevant terms, including persistent flame region, intermittent flame region,

flame height, and flame extension.

4.2 Introduction

If a fire is located close to a wall or a corner (i.e., formed by the intersection of two walls),
the resulting restriction on free air entrainment will have a significant effect on fire growth
and spread. The primary impact of walls and corners is to reduce the amount of entrained air
available to the flame or plume. This lengthens flames and causes the temperature in a plume to
be higher at a given elevation than it would be in the open. Remember that the expression
for estimating flame height given in Chapter 3 assumes that the fire source is located away from
the walls and corners.

When a diffusion flame develops and is in contact with the wall, its structure can be subdivided into
three regions, which are commonly identified as the persistent flame region, the intermittent flame
region, and the buoyant plume region. As the plume rises to the ceiling, its direction changes from
vertical (upward) to horizontal. Until the point where the flow changes direction, the plume
is primarily driven by buoyancy. Thereafter, the plume is driven by its residual momentum
and becomes a jet, which is referred to as the “ceiling jet.”

The flame heats the wall material with which it comes in contact. The heat flux to the wall is
a function of location and is highest in the persistent flame region. The flame height depends on
the amount of air entrained which, in turn, is proportional to the fuel heat release rate.
On occasions, it may also be necessary to calculate the flame projections against a wall
from the spill of flammable liquid in a trench or flames emerging from a burning electrical cabinet.

4.3 Flame Height Correlations for Walls Fires, Line Fires, and Corner Fires

In a wall flame, the wall-side heat flux appears to be governed by the flame radiation, while the heat
flux in the far field is primarily attributable to convection. This implies that flame height can be a
scaling factor representing the distribution of wall heat transfer. Using the analogy of unconfined
fires, the flame height is expected to depend only on the gross heat release rate of the fuel.
The terms “flame height” and “flame extension” designate the lengths of flame in the vertical and
horizontal directions, respectively. A wall flame generated from a fire located against a wall can
only entrain air from half of its perimeter. Thus, wall flame can be considered to be geometrically
half of an axisymmetric flame and its mass flow rate, in turn, is half of that from an axisymmetric
flame.
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A flame generated from a fire located in a corner of a compartment (typically where the intersecting
walls form a 90° angle) is referred to as corner flame. Corner fires are more severe than wall fires
because of the radiative heat exchange between the two burning walls. However, the physical
phenomena controlling fire growth in corner and wall scenarios are very similar, if not identical.

4.3.1 Wall Fire Flame Height Correlation

Delichatsios (1984) reported by Budnick, Evans, and Nelson (1997) developed a simple correlation
of flame height for elongated fire based on experimental data. Figure 4-1 depicts the configuration
used in developing the correlation for wall flame height. In the following correlation, the flame
height is based on the rate of HRR per unit length of the fire:

)
oy = 0.034Q73 (4-1)

Where:
Hiwan = wall flame height (m)
0.034 = entrainment coefficient

Q' = HRR per unit length of the fire (kW/m)

The above correlation can be used to determine the length of the flame against the wall and to
estimate radiative heat transfer to objects in the enclosure.

4.3.2 Line Fire Flame Height Correlation

Delichatsios (1984) reported by Budnick et. al., (1997) also developed a flame height correlation
for line fires against a wall. Like the wall fire flame height correlation, this correlation is based on
experimental data. The geometry for this case is shown in Figure 4-2. Delichatsios’ correlation is
expressed by the following equation based on the rate of HRR per unit length of the fire:

2
Hy cwnn pmey = 0.017Q" (4-2)

Where:
Hiwan Liney = line fire flame height (m)
0.017 = entrainment coefficient

(J' = HRR per unit length of the fire (kW/m)

The above correlation can be used to determine the length of the flame against the wall from a
line fire source and can be used to estimate radiative heat transfer to objects in the enclosure.
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Figure 4-1 Wall Fire Flame Configuration
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Ht:l.n.lall, line]

Fire
Source

Figure 4-2 Line Fire Flame Against a Wall
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4.3.3 Corner Fire Flame Height Correlation

A corner fire may be modeled using a pool fire and specifying the center coordinates as the apex
of the corner. At the start of the fire, a diffusion flame develops and makes contact with the walls.
As flames spread along the intersection of wall and ceiling, they eventually reach another corner.
With a noncombustible ceiling, flames also spread downward. By contrast, with a combustible wall,
the heat transfer between two walls in contact with the fire source results in a much more rapid fire
spread. Figure 4-3 depicts the configuration used in developing the corner flame height correlation
from experimental data. Hasemiand Tokunaga (1983 and 1984) suggest the following expression,
based on the correlation of an extensive number of fire tests:

|l

Hlecan ~ 0100 (4-3)

Where:
Hicomen = COrner fire flame height (m)
0.075 = entrainment coefficient

) = HRR of the fire (kW)

The above correlation can be used to determine the length of the flame against the intersection of
two walls and to estimate radiative heat transfer to objects in the enclosure.

Hi‘:cnrnerj

Fire Source

Figure 4-3 Corner Fire Flame Configuration
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4.4 Assumptions and Limitations

The methods discussed in this chapter are subject to several assumptions and limitations:
(1) This method includes correlations for flame height for liquid fire.
(2) The size of the fire (flame height) depends on the length of the fire.

(3) This correlation is developed for two-dimensional sources.The turbulent diffusion flames
produced by fires burning at or near a wall configuration of a compartment affect the
spread of the fire.

(4) Air is entrained only from one side during the combustion process.

4.5 Required Input for Spreadsheet Calculations

The user must obtain the following information to use the spreadsheet:

(1) fuel type (material)
(2) fuel spill volume (gallons)
(3) fuel spill area (ft?)

4.6 Cautions

(1) Use the appropriate spreadsheet (04_Flame_Height_Calculations.xls) on the CD-ROM
for wall fire flame height, line fire flame height, and corner fire flame height calculations.

(2) Use the page that best represents the fire configuration.

(3) Make sure to enter the input parameters in the correct units.

4.7 Summary

This chapter describes methods of calculating the height of a flame and its buoyant gases when
the fire source is near a wall or a corner. These fire scenarios are often used as idealized
representatives of situations of much greater complexity. The correlations presented were obtained
from laboratory scale fires providing local measurements of gas temperature and velocity both
below and above the flame tips, as well as measurements of visual flame length.
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49 Problems

Example Problem 4.9-1

Problem Statement

A pool fire scenario arises from a breach (leak or rupture) in an oil-filled transformer. This event
allows the fuel contents of the transformer to spill 2 gallons along a wall with an area of 9 ft°.

A cable tray is located 8 ft above the fire. Calculate the wall flame height of the fire and determine
whether the flame will impinge upon the cable tray.

Solution
Purpose:
(1) Calculate the wall flame height.
(2) Determine whether the flame will impinge upon the cable tray.

Assumptions:
(1) Air is entrained only from one side during the combustion process.
(2) The fire is located at or near a wall configuration of a compartment that affects
the spread of the fire.
Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) 04_Flame_Height_Calculations.xIs (click on Wall_Flame _Height)
FDTs Input Parameters:
-Fuel spill volume (V) = 2 gallons

-Fuel Spill Area or Dike Area (A,,.) = 9.0 ft*
-Select Fuel Type: Transformer Oil, Hydrocarbon

Results*
Fuel Wall Fire Flame Height (H;,,) | Cable Tray
m (ft) Impingement
Transformer Oil, 3.0 (10.0) Yes
Hydrocarbon

*see spreadsheet on next page
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Spreadsheet Calculations
FDT®: 04_Flame_Height_Calculations.xls (click on Wall_Flame _Height)

CHAPTER 4. ESTIMATING WALL FIRE FLAME HEIGHT
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Heptane 0101 LG 1.1

ke 009 i gm 1.4

Bratoe (REag Y| 25 500 1.9

Dioxae 0015 26,200 5.4

DEthy Ether 003 34200 0.7

Banze e 0 0lE Lo 3.6

Garollie 0055 L3700 2.1

Kerose ke [fuk] 43200 3.5

DEzel oods [ Rice 2.1

JE-1 0051 13500 5.6

JE-S 0054 1300 1.6

Trawstmer O, Hydrocamhor [0039 45 000 0.7

361 SNEor Travetomer FRE (0003 28,100 100

Fue 10l Heawy 0035 30700 1.7

ek Ol 0034 12500 2.8

Labe <1 o003 5000 0.7

Uze 1 Spechibid Vae Extervale Eviervale EvErialne

ReRrer® | SFAS Anahonl o Fe ParactonSaginessine 2 Sahion e 305

4-8



Heat Release Rate Calodation
Rewrace | S5FE Hambhook of S Sobaction Snglnesdng 37 Soblon I0E Sege 325,

O=m"aH «(1-a" A
Mibzre 0 = pod dre hed release e (W7
m"= mass buming rate of fel per unit surBce aea og'm -sec)
L H.. = effective hea of cormbustion of el (ko)
A= Py = surfacs area of pool file (@rea inwolved inovaporzation) (i
ki = empirical corstant (m
O= dameter of pod 42 (dianaer inuohied o waporzation, ciubr poal is assumed1(m)
[ Liquid= with relatiwehy high flash paint, lilke trarsomer
oil require localized beating to achiewe ignition)
Foodl Are Diamneter Calculation
P = w8
[T R ]
Mihere A= surface grea ofpoal ire (m)
O= poal fre digmter (m)
0= 1.0%2 m

Heat Release Rate Caledion
Q=m"aH (e ) A

1= TP 32 Ny T3 Bwises
Heat Release Rate Per Unit Lengthof Are Cal culation
=0

Mihzre I = heat redease rate perunit kngth ()
0 = fre heat mlease rate ofthe fir gonn

L= lengh ofthe fre source §m))

Fre Source Length Calcddion

L = A

Lx = 0.536 M
L= 0.M4m
o= oL

o= 843 75 Lm

ESTIMATING WALL FIRE FLAME HEIGHT
Rt ence | NER S Swotection Henciook, 0 Scition 2008, Sape 3134

Howo = 0034 Of
ihere Hewiri= wall fire 1arme heighit (m)

¥ = rate of heat rdease perunt length ofthe dne Oidm’
Howo = 0034

A= 304m 3% f

The abowe calcalations are based on pinciples dewlopad inthe SFPE Handbook of Fire
Protection Engineerng, 3 Blition, 2002, and NFPA Fine Protection Handbook, 19 Bdition, 200G,
Caloulations are based on cer@in assumptions and hawe inherent imitatiors. The results of

=uch caleulaions mayor maynot hawe reasorable predictive capabiliies for a given stuaion, and
zhould onlybe interprated byan informed user.

Aithough each calculation inthe spreadshea has been weried with the esutsof hand cakulation,
there is no ab=olute quarantee ofthe accuacy ofthese caloulations .

Aoy questions , comments, concams, and suggestions, orto report an emon’s)in the spreadshest,
plegse s=nd an emal to nod (Enm gowor s [Enrc.go.,

4-9



Example Problem 4.9-2

Problem Statement

A pool fire scenario arises from a transient combustible liquid spill. This event allows the fuel
contents of a 15 gallon can to form along a wall with an area of 30 ft>. A cable tray is located 12 ft
above the fire. Determine the line wall fire flame height and whether the flame will impinge upon
the cable tray if the spilled liquids are (a) diesel, (b) acetone, and (c) methanol.

Solution
Purpose:
(1) Calculate the line wall fire flame height using three transient combustibles.
(2) Determine whether the flame will impinge upon the cable tray in each case.

Assumptions:
(1) Air is entrained only from one side during the combustion process.
(2) The fire is located at or near a wall configuration of a compartment
that affects the spread of the fire.
Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) 04_Flame_Height_Calculations.xlIs (click on Wall_Line_Flame _Height)
FDT?® Input Parameters:
-Fuel spill volume (V) = 15 gallons

-Fuel Spill Area or Dike Area (A,,.) = 30.0 ft*
-Select Fuel Type: Diesel, Acetone, and Methanol

Results*
Fuel Wall Line Fire Height (Hy.i1ie) | Cable Tray
m (ft) Impingement
Diesel 3.8 (12.3) Yes
Acetone 2.44(8.0) No
Methanol 1.2 (3.8) No

*See spreadsheets on next page



Spreadsheet Calculations
FDT®: 04_Flame_Height_Calculations.xls (click on Wall_Line_Flame _Height)
(a) Diesel

CHAPTER 4. ESTIMATING LINE FIRE FLAME HEIGHT AGAINST THE WALL
Version 1305.0
The fallowing calculations & stimate the line fire fame height ag ainst the wall.

PararmetersinYELLOW CELLS are Entered bythe User.

Pararmetersin GREEN CELLS are Mtomatically Selected from the DROP DOwWH MENUforthe Fasl Selacted.
Al zubsequent output values are calculated bythe spreadsheet and based onvalues specified inthe input
parameters. This spreadsheet is protected and szcure to awid emors due to 3 wrong entryin a cellis).

The chapterin the NUREG should be read before an analysis is made.

INFUT PARAMETERS
Fuel Spill “bolume M) 1500]galbe: 0oEes m
Fuel Spill Area or Dike Area (A aooo|t z7ET M
hiaz= Buming Rate of Fuel (m™) 005 |kgim < ec
Effective Heat of Combustion of Fuel (oiH_ .3 A0 [k kg
Empircal Cons@ant (kf) 2.1 [m

[Calcuate]

THERMAL FROFERTIES FOR
EURNING RATE DATA FOR LIGUID HY DROCAREQOM FUELS

Empirical
Fuel hia== Buming Fate Heat of Combustion Conztant Sdect Fud Type
m" (egfm-sec i H... (kMka) kEim | Dl 2l B
hilethanal 0017 20 000 100 Scroll to desired fuel type then
Ethan ol 0015 26 200 100 Click on selection
Hutan e 0073 45 700 27
Benzene 0 085 <40 100 27
Hexane 0 074 4 Fo0 14
Heptane 0.101 44 GO0 1.1
Wene 009 40 200 14
one 0 041 25 200 14
Dioxane 0018 26 200 LR
Dliethy Bther 0 025 3 200 or
Benzene 0 O3 44 FO0 35
Gazoline 0 055 43 700 21
K arnsens 0 039 43 200 35
Dizzel 0 045 44 400 2.1
- 0 051 42 500 3
- 0 054 43 000 16
ran sformer Qil, Hydrocarbon |0 039 45 000 or
61 Silicon Transformer Fluid |0 005 28,100 100
Fuel 0il, Heawy 0 035 29 700 17
Crude il 0034 42 BO0 28
Lube il 0 039 46 000 oy
User Speciied "Walue Eriter Walue Enter ‘value Eriter Walue

FeRre noe [ SEAE Sanah ook of S Srotection Snglneening 3 Sdlion, Fage 25,



Heat Felease Rate Calculation
PeRrerce 15FFE Sarmibooh o A Frotedion Snpneedng 3 Sdltion, 2002, Fage 325,

Qo=mTEH (1 -8 A
Where Compoolfle beatekare @ KW
m"=mai: bareleg @ offelperonts afacs ara kidn <o)
&H o= etk ctie heator comboastion orteel ik g
Bym B =g arace ara of pool e Grea vobed b vaporEation &'
KB = em pirkalcosstant i
O =dbEme®rotpoaltie dbhmetrwoked b vaporzaton, clevar ool kb assvmed )
cLiukls with re latbe by bEb TR polt, ke ranstomer

oll regu e boalzed beathg © ackeve K fon
Pool Are Dlamater Caleulaton

By =D

D=uidd,. /i

Wher A= sWTace areaotpoolie '
D = paa I dhme s

D= 1854 m

Heat Releass Rate Calculatlon

O o=mTEH e T

0= 545202 K 517701 Bl gec
Heat Releass Fats Par Unit Lanath of Flre Caleulation

o=

Whemr 0= jeat e kaie Ak |Jer||th|g11 i

G=Tle beatrekae ok ot te fre 0
L= knoth of the e sonm )

Are Sour:s Length Caleulaton

Lx W= &,

L W= g7 m

L= LEES m
o=l

- FATLTE KW

ESTIMATIMG LINE WaALL FIRE FLARME HEIGHT
PeRnerce (NSRS Fre Srdedionsmioot, 0 Saton D03 Sage 1R

Hi o =0.017 0
Where Hiiws =wallfre fame ke Kbt 4o
@' = rak of heat g kaze perantk sath otte A & Wins
[ [ =007
[Het = 375 m 12.25 1

The aboue cakrlations are based on prive[pks deve kped b the SFPE Hanchaok of Flg
Prokcton Exalieerio, 3 Edbion, 2002, and NFPA FIe P okctbs Hawdbaok, 197 B fion, 2003
cabnations ae bazed ovcerl arsvmptbons andd bave nhere ot m Batoes. The ik of

snch cakrlations may orm ay nothave gasonabk prdictve capas ks ®oragie s staation, and
shovklonlybe NRPREDD a0 Wfbmed 1

Athongh each caknlatbn v the spreadchectbar leenvered whh the ronle ot band cabalation,
ter koaoatsol e graranes of e acon@oy of tiese cakn latons,

Avyouestbns, conment, concRrng, and snge stons, oro wpotan erong b the spraliheet,
pkaze seud ar emallo sxBDr egov ormas3de rcgon.




FDT®: 04_Flame_Height_Calculations.xls (click on Wall_Line_Flame _Height)
(b) Acetone

CHAPTER 4. ESTIMATING LIME FIRE FLAME HEIGHT AGAINST THE WALL
Version 1805.0

The following calculations estim ate the line fire lame height against the wall.

Farmmaersin YELLOW CELLS are Bitered by the User.

Fammaersin GREEM CELLS =re Automaicaly Sdected from the DROP DOW N MENU for the Fuel Seeded.
Allzub=sequent output values are calculated by the spreadsheet and based onwalues specified inthe input
parameters. This spreadsheet i protected and secure to awoid errors due to awrong entry in 3 cel =)

The chapter in the HUREG should be read before an anahsis £ made.

INPUT PARAMETERS
Fuel Spill Valume (™% 15.00]gallon= 00368 m
Fuel Spill Area or Dike Are 3 (fupe) 2000 it zET
lilazs Burning Rate of Fuel (m') 0.0 |kgdn -sec
Effective H eat of C ombuzstion of Fual (AH: s 25800 kg
Empirical Constant (kf 1.49|m

Calculate

THERMAL PROPERTIES FOR
EURMING RATE DATAFOR LIQUID HYDROCAREON FUELS

Empirical
Fusl Mass Burning R ate Heat of Combustion Conztant  |Select Fuel Type
m" ik g.l'm:- se) AHepenri kg e i im™ I Izetone
hdethanal 0.017 20,000 100 Serollto desired fuel typ
Ethanol 0.015 5,200 100 Click on =dection
Butane 0.078 45,700 2.7
Benzene 0035 40,100 2.7
Hexane 0.07 4 44,700 18
Heptane 0,101 44,500 1.1
Silene 0.3 40,200 1.4
Fucetone 0.0 25,800 18
Dicezane 0.018 25,200 5.
Driathiy Ether 0025 34,200 0.7
Benzene 0042 44,700 3.5
Fasoline 0055 43,700 2.1
Kerosene 0.039 43,200 3.5
Drie=se| 0045 44,400 2.1
JP-3 0.051 43,500 2.5
JP-A 005 43,000 1.6
Transfarmer Oil, Hydrocarbon  |0.0329 45,000 0.7
561 Silicon Trarsformer Fluid (0005 23,100 100
Fuel Qil, He awy 00235 23,700 1.7
Crude Qil 0.0 42 500 2.8
Lubee 0l 0,039 45,000 0.7
s er Specified Walue ErnterWalue Enter Walus Enter Value

Retere o SFAPE Handhoow of Fire Arofeciion Englieeriig 3 Edifon, Page 3-24.



Heat Felease Rate Calculation
PeRrerce 15FFE Sarmibooh o A Frotedion Snpneedng 3 Sdltion, 2002, Fage 325,

Qo=mTEH (1 -8 A
Where Compoolfle beatekare @ KW
m"=mai: bareleg @ offelperonts afacs ara kidn <o)
&H o= etk ctie heator comboastion orteel ik g
Bym B =g arace ara of pool e Grea vobed b vaporEation &'
KB = em pirkalcosstant i
O =dbEme®rotpoaltie dbhmetrwoked b vaporzaton, clevar ool kb assvmed )
cLiukls with re latbe by bEb TR polt, ke ranstomer

oll regu e boalzed beathg © ackeve K fon
Pool Are Dlamater Caleulaton

By =D

D=uidd,. /i

Wher A= sWTace areaotpoolie '
D = paa I dhme s

D= 1854 m

Heat Releass Rate Calculatlon

O o=mTEH e T

0= 2863594 kY 27 16,39 Elgec
Heat Releass Fats Par Unit Lanath of Flre Caleulation

o=

Whemr 0= jeat e kaie Ak |Jer||th|g11 i

G=Tle beatrekae ok ot te fre 0
L= knoth of the e sonm )

Are Sour:s Length Caleulaton

Lx W= &,

L W= g7 m

L= LEES m
o=l

- 171663 KW

ESTIMATIMG LINE WaALL FIRE FLARME HEIGHT
PeRnerce (NSRS Fre Srdedionsmioot, 0 Saton D03 Sage 1R

Hi o =0.017 0
Where Hiiws =wallfre fame ke Kbt 4o
@' = rak of heat g kaze perantk sath otte A & Wins
[ [ =007
[Het = 244 m 500 1t

The aboue cakrlations are based on prive[pks deve kped b the SFPE Hanchaok of Flg
Prokcton Exalieerio, 3 Edbion, 2002, and NFPA FIe P okctbs Hawdbaok, 197 B fion, 2003
cabnations ae bazed ovcerl arsvmptbons andd bave nhere ot m Batoes. The ik of

snch cakrlations may orm ay nothave gasonabk prdictve capas ks ®oragie s staation, and
shovklonlybe NRPREDD a0 Wfbmed 1

Athongh each caknlatbn v the spreadchectbar leenvered whh the ronle ot band cabalation,
ter koaoatsol e graranes of e acon@oy of tiese cakn latons,

Avyouestbns, conment, concRrng, and snge stons, oro wpotan erong b the spraliheet,
pkaze seud ar emallo sxBDr egov ormas3de rcgon.




FDT®: 04_Flame_Height_Calculations.xls (click on Wall_Line_Flame _Height)
(c) Methanol

CHAPTER 4. ESTIMATING LINE FIRE FLAME HEIGHT AGAINST THE WALL
Version 1305.0

The following calculations e stimate the line fire flame height ag ainst the wall.

Parametersin YELLOW CELLS are Entered bythe User.

Parametersin GREEM CELLS are Automatically Selected from the OROP DOwWH MENUfor the Fasl Selected.
Al zubsequent output walues are calculated bythe spreadshest and based onvalues specified inthe input
par@ameters. This spreadshest is protected and secure to awid emers due to 3 wrong entryina cellis).

The chapterin the NUREG should be read before an analysis is made.

INFUT PARAMETERS

Fuel Spill “olume & 1500]galbusz 00ses m
Fuel Spill Area or Dike Area (A anoo|tt 2rET M
hias= Buming Rate of Fuel (m™) 0017 |kgim "5 ec
Effective Heat of Combustion of Fuel (& H_ 1 20000k &g
Empircal Con=ant (kf) 100 |m

[calculate!

THERMAL FROFERTIES FOR
EURMING RATE DATA FOR LIGUID HY DROCAREBOM FUELS

Empirical
Fual hia== Buming Fate Heat of Combustion Constant Sdect Fud Type
M (kgdm-sec aH. . (k) kpim 3 Mz Hianl B
fiethanal 0017 20 000 100 Scroll to desired fuel type then
Ethan ol 0015 26 200 100 Click on selection
Hirtane 0072 45 700 27
Henzene 0 025 40,100 iy
Hexane 0 07 4 700 14
Heptane 0.101 44 GO0 1.1
Wene ] 40 200 14
one 0 0 25 200 18
Clioxane 001s 26 200 ad
Dlicethy Bther 0 025 24 200 or
Benzene 0 03 4 FO0 3
Gazoline 0 055 42 700 21
kerozens 0039 43 200 34
Dizzel 0 045 44 400 21
- 0 051 42 500 A
P-5 0 054 42 000 16
ran sformer Oil, Hydrocarbon (0 039 46 000 or
fi1 Silicon Transformer Fluid |0 005 25,100 100
Fuel Oil, Heauwy 0 035 29 700 17
Crude il 0 034 42 GO0 25
Lube Oil 0 039 46 000 or
User Speciied Walue Erter halue Enter “alue Enter “alue

Rewne noe | SEEE Hench ook of Sine Srotection Sopineening 3 Sobion Page ¥ 20



Heat Felease Rate Calculation
PeRrerce 15FFE Sarmibooh o A Frotedion Snpneedng 3 Sdltion, 2002, Fage 325,

Qo=mTEH (1 -8 A
Where Compoolfle beatekare @ KW
m"=mai: bareleg @ offelperonts afacs ara kidn <o)
&H o= etk ctie heator comboastion orteel ik g
Bym B =g arace ara of pool e Grea vobed b vaporEation &'
KB = em pirkalcosstant i
O =dbEme®rotpoaltie dbhmetrwoked b vaporzaton, clevar ool kb assvmed )
cLiukls with re latbe by bEb TR polt, ke ranstomer

oll regu e boalzed beathg © ackeve K fon
Pool Are Dlamater Caleulaton

By =D

D=uidd,. /i

Wher A= sWTace areaotpoolie '
D = paa I dhme s

D= 1854 m

Heat Releass Rate Calculatlon

O o=mTEH e T

0= 547 6 1 kI 59518 Blmaec
Heat Releass Fats Par Unit Lanath of Flre Caleulation

o=

Whemr 0= jeat e kaie Ak |Jer||th|g11 i

G=Tle beatrekae ok ot te fre 0
L= knoth of the e sonm )

Are Sour:s Length Caleulaton

Lx W= &,

L W= g7 m

L= LEES m
o=l

- SET.E2 EWm

ESTIMATIMG LINE WaALL FIRE FLARME HEIGHT
PeRnerce (NSRS Fre Srdedionsmioot, 0 Saton D03 Sage 1R

Hi o =0.017 0
Where Hiiws =wallfre fame ke Kbt 4o
@' = rak of heat g kaze perantk sath otte A & Wins
[ [ =007
[Het = 147 m .82 1t

The aboue cakrlations are based on prive[pks deve kped b the SFPE Hanchaok of Flg
Prokcton Exalieerio, 3 Edbion, 2002, and NFPA FIe P okctbs Hawdbaok, 197 B fion, 2003
cabnations ae bazed ovcerl arsvmptbons andd bave nhere ot m Batoes. The ik of

snch cakrlations may orm ay nothave gasonabk prdictve capas ks ®oragie s staation, and
shovklonlybe NRPREDD a0 Wfbmed 1

Athongh each caknlatbn v the spreadchectbar leenvered whh the ronle ot band cabalation,
ter koaoatsol e graranes of e acon@oy of tiese cakn latons,

Avyouestbns, conment, concRrng, and snge stons, oro wpotan erong b the spraliheet,
pkaze seud ar emallo sxBDr egov ormas3de rcgon.




Example Problem 4.9-3
Problem Statement
A pool fire scenario arises from a rupture in a diesel generator fuel line. This event allows diesel

fuel to spill 1.5 gallons along the corner of walls with an area of 10 ft>. An unprotected junction box
is located 12 ft above the fire. Determine whether the flame will impinge upon the junction box.

Solution
Purpose:
(1) Calculate the line wall fire flame height.
(2) Determine whether the flame will impinge upon the junction box.

Assumptions:
(1) Air is entrained only from one side during the combustion process.
(2) The fire is located at or near a wall configuration of a compartment that affects
the spread of the fire.
Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) 04_Flame_Height_Calculations.xls (click on Corner_Flame _Height)
FDTs Input Parameters:
-Fuel spill volume (V) = 1.5 gallons

-Fuel Spill Area or Dike Area (A,,.) = 10 ft*
-Select Fuel Type: Diesel

Results*
Fuel Corner Fire Flame Height (H;comen) Junction Box
m (ft) Impingement
Diesel 6.4 (21.1) Yes

*see spreadsheet on next page



Spreadsheet Calculations
FDT®: 04_Flame_Height_Calculations.xls (click on Corner_Flame _Height)

CHAPTER 4. ESTIMATING CORNER FIRE FLAME HEIGHT

“ersion 1205.0

The Bllw g caken aton s estin ate the comer e fam e ke it

Param eters In YELLOWZEL LS are Entersd by the User.

Parameters In GREEN CELLS are Automatically Selected Tom Tie DROP COWH MENU for e Fusl Sals e ted,
Alsabzeque ptontprtuales ar caken ated by the spreadibestavd bazed on vales specied n the pat
parame®rs . Thk sprad ket prokckd and secue ook e dee toawmorg entry b a o 3.

The chap® i e NUREG 2 bonkl be read ke tore an anaksk B made.

INPUT PARAMETERS

Frel Spllvalme i) 150 [tk 0057
FrelSpllameacr DEe AEa e 10 00|t oEEnm
Mazs Bum i Bak of Faa ldn™) O.045 [kepn -~ ¢

Efkctbe Heator Com baston of Freli2H. .5 [¥ ¥ ixli] LR

Emplrkalisonstant g ERIT

Calculste
THERMAL PROPERTIES FOR

BURNING FATE DATA FOR LKZUID HYDROCARECON FUELS

= Mass Buralug Rate He at o Combg o EmpricalCotnt  |Select Foel Type
= I T EH. kO KEim | masel -

Methanol ooilT 0 000 100 Seroll to de sired fusl fy pe then

Etsanal 0ois o B0 100 Cick on selacdon

Extne (LN Eroo 21

Banzene D0E3 0,100 27

Hexane oot oo 158

He ptane 0101 L Eoo 1.1

ke (n] 0 g00 1.4

Acetone ook 25 500 19

Dk an e oS 25 200 R

Dty Ether 00s3 34200 o7

Banzene D0dE oo 36

G Ao lle D0ss =roo 2.1

Feragene o039 3200 35

Dksel aods [y} 2.1

JP-1 D051 3500 35

JP -5 oSl L3000 16

Traesfomm er< ll, Hydrocamon (3039 5 000 o7

SE1 S0 TR BmerFivkl D005 25,100 100

Fuel il He avy D033 F.100 17

Crade Gl o3l 2 500 28

Labe il a03n 4G 000 a7

Uze rSipe ik d vale Ewter valee Evirvalie Ewtervame

ReR e | 55FE Hanahooh of Fie FraedionSngieedpe 3 Sation, Page X200,



Heat Release R ate Calculation
Feference; *6AF € Hamdbook of fe Pmection Ergéimeening, 37 Gdiorn, 2002, Page 325,

Qo= mBH (1 -7 F 0 A,
Where 2 = poal fire hest release rate (kW)
m" = mass burning rate of fuel per unit surface area (ka'm :-secj
-"31-|.3H,-= effective heat of combustion of fuel (kJkg)
A= Agpe = surface area of poal fire (area invalved in waporization) (m :j
k# = empirical constant (m ™"
[ = diameter of pool fire (diam eter involved in vaporization, circular pool iz assumed) (n)
[Liguid=z with relstively high flash point, like transform er
oil require localized hesting to achieve ignition)
Pool Fire I iameter Caleulation
Boke = 0 %14

D = wid8gpe/ M)
Where Age = Surface area of pool fire (m 3
D = pool fire diamter (m)
D= 1.088 m
Heat Release Rate Calculation
QG=m "mc.eﬁ' (1 e DJ Acke
2= 1667.0% kvy 158010 Biuw'zec
ESTIMATING CORNER FIRE FLANVE HEIGHT
Referance: Hesesii amd' Tobwnaga, Hodeling of Tumwle nt OFfesion Rases and Be Pludes B bhe Aralvs s of Bie Gowth,”
Gmnth,” Pocee ding of e 21 Nbforal Heat Tanster Conference, Aae foan Sodiedy of Mechamical Engimeers (4 5WE), 1923
Hpponer= 0.075 @3

Where 2 = heat releasze rate ofthe fire (KWYY)
Hipaner,= 0.075 @9

[Fcomer= .43 m 2110 ft ||m
NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire

P rotection Engineering, 3 £ Edition, 2002 and Hesemi and Tokunage, 1953,

Calculations are based on certain azsumptions and have inherent limitations. The results of

such calculations may or may not have reasonable predictive capabilities for & given stustion,

and should only be interpreted by an infarm ed uzer.

Afthough each calculation in the spreadsheet has been verified with the results of hand calculation,
there iz no absolde guarantee of the accuracy of the se calculations.

Ary questions, comments, concerns, and suggesions, or to report an eror(s) inthe spreadsheet,
pleass zend an email to nxi@nrc.goy orF mes3@nec. goy .







CHAPTER 5. ESTIMATING RADIANT HEAT FLUX
FROM FIRE TO A TARGET FUEL

5.1 Objectives

This chapter has the following objectives:

. Introduce the three modes of heat transfer.

. Explain how to calculate the heat flux from a flame to a target outside the flame.

. Discuss point source radiation models and solid flame radiation models.

. Identify the difference between solid flame radiation models at ground level and solid flame

radiation models above ground level with and without wind.

. Define relevant terms, including, conduction, convection, radiation, heat flux, emissive power,
and configuration factor.

5.2 Introduction

Fire normally grows and spreads by direct burning, which results from impingement of the flame
on combustible materials, or from heat transfer to other combustibles by means of conduction,
convection, or radiation. All three of these modes of heat transfer may be significant, depending
on the specifics of a given fire scenario. Conduction is particularly important in allowing heat to
pass through a solid barrier (e.g., fire wall) to ignite material on the other side. Nevertheless, most
of the heat transfer in fires typically occurs by means of convection and/or radiation. In fact, it is
estimated that in most fires, approximate 70-percent of the heat emanates by convection (heat
transfer through a moving gas or liquid). Consider, forexample, a scenario in which a fire produces
hot gas which is less dense than the surrounding air. This hot gas then rises, carrying heat. The
hot products of combustion rising from a fire typically have a temperature in the range of
800-1,200 °C (1,472-2,192 °F) and a density that is one-quarter that of ambient air. In the third
mode of heat transfer, known as radiation, radiated heat is transferred directly to nearby objects.
One type of radiation, known as thermal radiation, is the significant mode of heat transfer for
situations in which a target is located laterally to the exposure fire source. This would be the case,
for example, for a floor-based fire adjacent to an electrical cabinet or a vertical cable tray in a large
compartment. Thermal radiation is electromagnetic energy occurring in wavelengths from 2 to
16 um (infrared). Itis the net result of radiation emitted by the radiating substances such as water
(H,O), carbon dioxide (CO,), and soot in the flame.

Chapter 2 discussed various methods of predicting the temperature of the hot gas layer and the
height of the smoke layerin a room fire with natural or forced ventilation. However, those methods
are not applicable when analyzing a fire scenario in a very large open space or compartment.
In large spaces, such as the reactor building in a boiling water reactor (BWR) or an open space in
a turbine building, the volume of the space is too large for a uniform hot gas layer to accumulate.
For such scenarios, fire protection engineers must analyze other forms of heat transfer, such as
radiation. A floor-mounted electrical cabinetis an example of a ground-level target. A typicaltarget
above ground level is an overhead cable tray.
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5.3  Critical Heat Flux to a Target

Radiation from a flame, or any hot gas, is driven by its temperature and emissivity. The emissivity
is a measure of how well the hot gas emits thermal radiation (emissivity is defined as the ratio of
radiant energy emitted by a surface to that emitted by a black body of the same temperature).
Emmisivity is reported as a value between 0 and 1, with 1 being a perfect radiator. The radiation
that an observer feels is affected by the flame temperature and size (height) of the flame.

The incident heat flux (the rate of heat transfer per unit area that is normal to the direction of heat
flow. Itis a total of heat transmitted by radiation, conduction, and convection) required to raise the
surface of a target to a critical temperature is termed the critical heat flux. Measured critical heat
flux levels for representative cable samples typically range from 15 to 25 kW/m? (1.32 to 2.2 Btu/ft*-
sec). Forscreening purposes, itis appropriate to use value of 10 kW/m? (0.88 Btu/ft*>-sec) for IEEE-
383 qualified cable and 5 kW/m? (0.44 Btu/ft’-sec) for IEEE-383 unqualified cable. These values
are consistent with selected damage temperatures for both types of cables based on the Electrical
Power Research Institute (EPRI), “Fire-Induced Vulnerability Evaluation (FIVE),” methodology.

Researchers have developed numerous methods to calculate the heat flux from a flame to a target
located outside the flame. Flames have been represented by cylinders, cones, planes, and point
sources in an attempt to evaluate the effective configuration factors' between the flame and the
target. Available predictive methods range from those that are very simple to others that are very
complex and involve correlations, detailed solutions to the equations of radiative heat transfer, and
computational fluid mechanics. Routine FHAs are most often performed using correlationally based
approaches, because of the limited goals of the analyses and the limited resources available for
routine evaluation. As a result of their widespread use, a great deal of effort has gone into the
developmentofthese methods. Burning rates, flame heights, and radiative heat fluxes are routinely
predicted using these approaches.

Fire involving flammable and combustible liquids typically have higher heat release rates (for the
same area of fuel involved) than ordinary combustibles fires. The flame from a liquid fire is typically
taller, making it a better radiator. Hydrocarbon liquid fires are also quite luminous because of the
quantity of soot in the flames. Sooty fires are better emitters of thermal radiation. Thus, an
observer approaching a flammable/combustible liquid fire feels more heat than an observer
approaching an ordinary combustibles fire of comparable size.

The methods presented in this chapter are drawn from the SFPE Handbook of Fire Protection
Engineering, 3" Edition, 2002, which examines the accuracy of these methods by comparisons
with available experimental data (these methods also presented in the SFPE Engineering Guide,
“Assessing Flame Radiation to External Targets from Pool Fires,” June 1999).

The configuration factor is a purely geometric quantity, which gives the fraction of the radiation
leaving one surface that strikes another surface directly.
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5.3.1 Point Source Radiation Model

A point source estimate of radiant flux is conceptually the simplest representation configurational
model of a radiant source used in calculating the heat flux from a flame to target located outside
the flame. To predict the thermal radiation field of flames, it is customary to model the flame based
on the point source located at the center of a flame®. The point source model provides a simple
relationship that varies as the inverse square of the distance, R. For an actual point source of
radiation or a spherical source of radiation, the distance R is simply the distance from the point or
from the center of the sphere to the target.

The thermal radiation hazard from a fire depends on a number of parameters, including the
composition of the fuel, the size and the shape of the fire, its duration, proximity to the object at risk,
and thermal characteristics of the object exposed to the fire. The point source method may be used
for either fixed or transient combustibles. They may involve an electrical cabinet, pump, liquid spill,
orintervening combustible at some elevation above the floor. For example, the top of a switchgear
or motor control center (MCC) cabinetis a potential location for the point source of a postulated fire
in this type of equipment. By contrast, the point source of a transient combustible liquid spill or
pump fire is at the floor.

The point source model assumes that radiant energy is released at a point located at the center of
the fire. The radiant heat flux at any distance from the source fire is inversely related to the
horizontal separation distance (R), by the following equation (Drysdale, 1998):

e KO
= (5-1)
LS

Where:
" = radiant heat flux (kW/m?)

() = heat release rate of the fire (kW)

R = radial distance from the center of the flame to the edge of the target (m)
x, = fraction of total energy radiated

In general, y, depends on the fuel, flame size, and flame configuration, and can vary from
approximately 0.15 for low-sooting fuels (e.g., alcohol) to 0.60 for high sooting fuels (e.g.,
hydrocarbons). For large fires (several meters in diameter), cold soot enveloping the luminous
flames can reduce y, considerably. See Figure 5-1 for a graphic representation of the relevant
nomenclature.

More realistic radiator shapes give rise to very complex configuration factor equations.
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Ground Level

Figure 5-1 Radiant Heat Flux from a Pool Fire
to a Floor-Based Target Fuel (Point Source Model)

The HRR of a fire can be determined by laboratory or field testing. In the absence of experimental

data, the maximum HRR for the fire (3], is given by the following equation (Babrauskas, 1995):

Q= m"AH, A4 (1- e ™) (5-2)

Where:
() = heat release rate of the fire (kW)

" = burning or mass loss rate per unit area per unit time (kg/m?-sec)
AH, . = effective heat of combustion (kJ/kg)

A, = horizontal burning area of the fuel (m?)

kB= empirical constant (m™)

D = diameter of burning area (m)

For non-circular pools, the effective diameter is defined as the diameter of a circular pool with an
area equal to the actual pool area, given by the following equation:

D= ﬁ (5-3)
g
Where:
A, = surface area of the non-circular pool (m?)

D = diameter of the fire (m)
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5.3.2 Solid Flame Radiation Model with Target At and Above Ground Level

The solid flame spreadsheet associated with this chapter provides a detailed method for assessing
the impact of radiation from pool fires to potential targets using configuration factor algebra. This
method covers a range of detailed calculations, some of which are most appropriate for first order
initial hazard assessments, while others are capable of more accurate predictions.

The solid flame model assumes that, (1) the fire can be represented by a solid body of a simple
geometrical shape, (2) thermal radiation is emitted from its surface, and, (3) non-visible gases do
not emit much radiation. (See Figures 5-2 and 5-3 for general nomenclature.) To ensure that the
fire volume is not neglected, the model must account for the volume because a portion of the fire
may be obscured as seen from the target. The intensity of thermal radiation from the pool fire to
an element outside the flame envelope for no-wind conditions and for windblown flames is given
by the following equation (Beyler, 2002):

q" = ER,, (5-4)
Where:
f" = incident radiative heat flux (kW/m?)

E = average emissive power at flame surface (kW/m?)
F,.,= configuration factor

Radiation
Receiving
Target

Ground Level

Figure 5-2 Solid Flame Radiation Model with No Wind
and Target at Ground Level

5-5



Radiation [
Receivingé
Target .

.

"y FEE
2]
™ Hy
X |

Ground Level

Figure 5-3 Solid Flame Radiation Model with No Wind
and Target Above Ground

5.3.2.1 Emissive Power

Emissive power is the total radiative power leaving the surface of the fire per unit area per unittime.
Emissive power can be calculated using of Stefan’s law, which gives the radiation of a black body
in relation to its temperature. Because a fire is not a perfect black body (black body is defined as
a perfect radiator; a surface with an emissivity of unity and, therefore, a reflectivity of zero),
the emissive power is a fraction (¢) of the black body radiation (Beyler, 2002):

E=¢z o T
(5-5)

Where:
E = flame emissive power (kW/m?)
¢ = flame emissivity
o = Stefan-Boltzmann constant = 5.67 x 107" (kW/m?-K*)
T = temperature of the fire (K)
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The use of the Stefan-Boltzmann constant to calculate radiation heat transfer requires knowledge
of the temperature and emissivity of the fire; however, turbulent mixing causes the fire temperature
to vary. Consequently, Shokri and Beyler (1989) correlated experimental data of flame radiation
to external targets in terms of an average emissive power of the flame. For that correlation, the
flame is assumed to be a cylindrical, black body, homogeneous radiator with an average emissive
power. Thus, effective power of the pool fire in terms of effective diameter is given by:

E =58 (100008230 (5-6)

Where:
E = flame emissive power (kW/m?)
D = diameter of pool fire (m)

This represents the average emissive power over the whole of the flame and is significantly less
than the emissive power that can be attained locally. The emissive power is further reduced with
increasing pool diameter as a resultof the increasing prominence of black smoke outside the flame,
which obscures the radiation from the luminous flame.

For non-circular pools, the effective diameter is defined as the diameter of a circular pool with an
area equal to the actual pool area given by Equation 5-3.

5.3.2.2 Configuration Factor F,_, under Wind-Free Conditions

The configuration factor® is a purely geometric quantity, which provides the fraction of the radiation
leaving one surface that strikes another surface directly. In other words the configuration factor
gives the fraction of hemispherical surface area seen by one differential element when looking at
another differential element on the hemisphere.

The configuration factor is a function of target location, flame size (height), and fire diameter, and
is a value between 0 and 1. When the target is very close to the flame, the configuration factor
approaches 1, since everything viewed by the target is the flame. The flame is idealized with a
diameter equal to the pool diameter, D, and a height equal to the flame height, H,. If the pool has
a length-to-width ratio near 1, an equivalent area circular source can be used in determining the
flame length, H,, for non-circular pools. (See Figure 5-4 and 5-5 for general definitions applicable
to the cylindrical flame model under wind-free conditions.)

3 The configuration factor is also commonly referred to as the “view factor”.
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Vertical Target

Horizontal Target

Figure 5-4 Cylindrical Flame Shape Configuration Factor Geometry
for Vertical and Horizontal Targets at Ground Level with No Wind

> >

Figure 5-5 Cylindrical Flame Shape Configuration Factor Geometry
for Vertical and Horizontal Targets Above Ground with No Wind
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Flame height of the pool fire is then determined using the following correlation (Heskestad, 1995):

2
= 5
H, =0235 Q- 102 D (5-8)
Where:
H; = flame height (m)
() = heat release rate of the fire (kW)
D = diameter of the burning area (m)

The HRR of the fire can be determined by laboratory or field testing. In the absence of
experimental data, the maximum HRR for the fire Qs given by Equation 5-2.

The radiation exchange factor between a fire and an element outside the fire depends on the shape
of the flame, the relative distance between the fire and the receiving element, and the relative
orientation of the element. The turbulent diffusion flame can be approximated by a cylinder. Under
wind-free conditions, the cylinder is vertical (Figure 5-4). If the targetis either at ground level or at
the flame height, a single cylinder can represent the flame. However, if the target is above the
ground, two cylinders should be used to represent the flame.

For horizontal and vertical target orientations at ground level with no-wind conditions, given the
diameter and height of the flame, the configuration (or view factor) F,_, under wind-free conditions
is determined using the following equations related to cylindrical radiation sources (Beyler, 2002):

E..g=
(5-9)

e :..'53 -1 3 |IS+1:]
sy = 5-10
1 Ah ., [(A+DE-D) (5-10)
- taty
xSafa -1 (- 1)[E+1)
Where:
H=h‘+S'+1, B=1+S_
23 23
g dl e aHE
D D
And:

L = the distance between the center of the cylinder (flame) to the target (m)
H; = the height of the cylinder (flame) (m)
D = the cylinder (flame) diameter (m)
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The maximum configuration factor (or view factor) at a point is given by the vectorial sum of the
horizontal and vertical configuration factors:

2
Fi—}ﬁ,max(nl:- wind ) 1/1—>2,H+Fi->zv (5-11)

As previously stated, for targets above the ground, two cylinders should be used to represent the
flame. In such instances, one cylinder represents the flame below the height of the target, while
the other represents the flame above the height of the target (See Figure 5-5). Thus, the following
expressions are used to estimate the configuration factor (or view factor) under wind-free conditions
for targets above ground level:

Baaw = (5-12)
Ahy LA+ 1HE-1)
TS A —1 (A - LiE+ 1
Where
L
=5
2H
e
h +5 +1
& =
1 h h i5—=11
—.tan'l[ 2 J——jtanl +
T3 Jedo) o ms (3410
Foaw = (5-13)
.l.ll:".l.jhg t '.l.'l:".l.2+]."s_1'
e 4%3_1 (A, —1iE+1)
Where
2L
)
2H
ks
hi+5 +1
& 25
And:

L = the distance between the center of the cylinder (flame) to the target (m)
H, = the height of the cylinder (flame) (m)
D = the cylinder (flame) diameter (m)

The total configuration factor or (view factor) at a point is given by the sum of two configuration
factor as follows:

B vime—win) = Bz + Fozvs (5-14)
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5.3.2.3 Configuration Factor F,_, in Presence of Wind

As discussed in pervious section, in the solid flame radiation model the turbulent flame is
approximated by a cylinder. Under wind-free conditions, the cylinder is vertical, in the presence of
wind, the flame may notremain vertical and thermal radiation to the surrounding objects will change
in the presence of a significant wind. The flame actually follows a curved path and makes an angle
of tilt or an angle of deflection approximate to its curved path. Figures 5-6 and 5-7 describe the
flame configuration in presence of wind velocity (u,) for target at and above ground level.

Tilted Flame

Radiation [..
. Receiving|-.
T~ Target |-

P

AN

\
\
- L

Figure 5-6 Solid Flame Radiation Model in Presence of Wind
and Target Above Ground Level

Tilted Flame

— AN
J He
— Radiation
\ N S Receiving
AN N . Target

Y

Figure 5-7 Solid Flame Radiation Model in Presence of Wind
and Target at Ground Level
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For horizontal and vertical target orientations at ground level in presence of wind, the expression
for estimating the configuration factors is expressed by the following equations (Beyler, 2002):

g 5
bh+1 3

pap-l_tb—1 _33+|h+1u —2nb+1+ahsin6|tan_lf .h—1.+

TF,ap = m/B* -1 JAB Bilib+1)
-

sinert _lah—lhg—llsinﬁ : _1|h2—1|5in5 (5-15)
atl +tan  —Y—em————

'u"'lEa Jh? 14T th_lﬁ )

¢

acost aj+|h+112—2h|1+asin5|tan_1\/ﬁ nh—1|+\
h—asnd AR BYib+1

cozE lah—lb:‘—llsine 1|h3—1|sin6
T ay = tan” +tan” = 5.16
N Jb? - 14C b?-1.JC (5-16)
acosd 1 Jh=1
b—amn®) = Yb+1
k" a st g + J
Where:
.
r
o
r
A =a'+(b +1] =2a/b+1)5ne
B=a'+b 1] —2a(b—1)dn6
C=1+ib"—1|cos' @
And:

H; = the height of the tilted cylinder (flame) (m)

r = the cylinder (flame) radius (m)

R = distance from center of the pool fire to edge of the target (m)
6 = flame title or angle of deflection (radians)

The maximum configuration factor for a target at ground level in the presence of wind at a point
is given by the vectorial sum of the horizontal and vertical configuration factors:

E

1o 2 proetorind ) \/

Ff—}E,H +FQ

s 2w (5-17)
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For targets above the ground in presence of wind, two cylinders must be used to represent the
flame. In such instances, one cylinder represents the flame below the height of the target, while
the other represents the flame above the height of the target. The following expressions are used
to estimate the configuration or view factor in presence of wind for targets above ground level:

¢

a cosd alg+lh+1'2—2b|1+alsin6| o1 JAg b =1 }
. fan ° | — +
b—aan8 AR B fih+1

EDSE[ lalb—lbg_llsiﬂe
tan” + tan

TF 0w =
e NENNG o 1iC

& cos6 . b1
kuh—alsmElu b +1

¢

+ tan

T oy =
BRI JoP -14C Jb? - 1.fC

a,c0s0 1 b1

— fah
| (h—a,sn8 b+1

Where:

And:

_2Hy Z2H
t t

e 2Hy = E(Hf_ Hﬂ:'

b

T I

= |

Ay=a+(b +1] ~2a o+ dnd

Ay= g+t +1] - 2a,[b +1) sin@

By- o'+ (b 1] ~2u(b-1)sine

By=a '+t —1] —2a,(t—1)sin®

C=1+b" -1lcos’ @

H, = H,, = vertical distance of target from ground level (m)
H, = the height of the tilted cylinder (flame) (m)
r = the cylinder (flame) radius (m)

R = distance from center of the pool fire to edge of the target (m)

0 = flame title or angle of deflection (radians)
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The total configuration or view factor at a point is given by the sum of two configuration factors,
as follows:

B, 2, Wwind) — k. aa T I 2wz (5-20)

In presence of wind, the expression for estimating flame height is expressed by the following
correlation, based on the experimental data (Thomas, 1962):

0.67
H, = 55D (L] (w7 (5-21)
PanfED
Where:
D = diameter of pool fire (m)
11" = mass burning rate of fuel (kg/m?-sec)
p, = ambient air density (kg/m®)
g = gravitational acceleration (m/sec?)
u* = nondimensional wind velocity

The nondimensional wind velocity is given by:

. 11
p'e —= (5-22)

[252)
Je
Where:

u* = nondimensional wind velocity
u, = wind speed or wind velocity (m/sec)
g = gravitational acceleration (m/sec?)

m" = mass burning rate of fuel (kg/m?*-sec)
D = diameter of pool fire (m)
p = density of ambient air (kg/m®)

The correlation relating to angle of tilt or angle of deflection (0), of the flame from the vertical
are expressed by the following equations based on the American Gas Association (AGA) data:

C05E|=::1 for u' =1

: (5-23)
COSE‘={— for 1w =1

o’

Where:
6 = angle of tilt or angle of deflection (radians)
u* = nondimensional wind velocity
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5.4 Method of Estimating Thermal Radiation from Hydrocarbon Fireball

For industrial processes, many substances that are gases at ambient conditions are stored in
container or vessel under pressure in a saturated liquid/vapor form. A rupture of a such vessel will
result in a violent incident as the liquid expands into its gaseous form. This phase change forms
blast waves with energy equivalent to the change in internal energy of the liquid/vapor; this
phenomenon is called the BLEVE. BLEVE is an acronym of Boiling Liquid, Expanding Vapor
Explosion. National Fire Protection Association (NFPA), defined a BLEVE as the failure of a major
container into two or more pieces, occurring at a moment when the contained liquid is at
temperature above its boiling point at normal atmospheric pressure. Typically, a BLEVE occurs in
a metal container that has been overheated above 538 °C (1,000 °F) (Nolan 1996). The metal may
not be able to withstand the internal stress and therefore failure occurs. The contained liquid space
of the vessel normally acts as a heat absorber, so the wetted portion of the container is usually not
atrisk, only the surfaces of the internal vapor space. Most BLEVEs occur when containers are less
than %2 to ' full of liquid.

A container can fail for a number of reasons. It can be damaged by impact from an object, thus
causing a crack to develop and grow, either as a result of internal pressure, vessel material
brittleness, or both. Thus, the container may rupture completely after impact. Weakening the
container’'s metal beyond the point at which it can withstand internal pressure can also cause large
cracks, or even cause the container to separate into two or more pieces. Weakening can result
from corrosion, internal overheating, or manufacturing defects, etc.

5.4.1 Radiation Due to BLEVEs with Accompanying Fireball

In additional to the container becoming a projectile, the hazard posed by a BLEVE is the fireball and
the resulting radiation. The rapid failure of the container is followed by a fireball or major fire, which
produces a powerful radiant heat flux.

Four parameters often used to determine a fireball’'s thermal radiation hazard are the mass of fuel
involved and the fireball’s diameter, duration, and thermal emissive power. Radiation hazards can
then be calculated from empirical relation.

Radiation received by an objectrelatively distant from the fireball can be calculated by the following
expression (Hasegawa and Sato, 1977 and Roberts, 1982):

" 828 my " 524)
B

Where:

('1: = thermal radiation from fireball (kW/m?)

m. = mass of fuel vapor (kg)
R = distance from the center of the fireball to the target (m)



The distance from the center of the fireball to the target is given by the following relation:
R= ,fo”l; +I? (5-25)

R = distance from the center of the fireball to the target (m)
Z, = fireball flame height (m)
L = distance at ground level from the origin (m)

Where:

The fireball flame height is given by the following expression (Fay and Lewis 1976):

1
ZP =1273 IVFIE (5-26)
Where:

Z, = fireball flame height (m)
V¢ = volume of fuel vapor (m?)

The volume of fireball can be calculated from the following relation:

V= LF (5-27)

Fr
Where:
V. = volume of fuel vapor (m®)

m. = mass of fuel vapor (kg)
pr = fuel vapor density (kg/m?)
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5.5 Assumptions and Limitations
The methods discussed in this chapter are subject to several assumptions and limitations.

The following assumption applies to all radiation models:

(1) The pool is circular or nearly circular.

The following assumptions and limitations apply to point source radiation models:

(1) Except near the base of pool fires, radiation to the surroundings can be approximated as
being isotropic or emanating from a point source.

(2) The point source model overestimates the intensity of thermal radiation at the observer’s
(target) locations close to the fire. This is primarily because the near-field radiation is
greatly influenced by the flame size, shape, and tilt, as well as the relative orientation of the
observer (target).

(3) A theoretical analysis of radiation from small pool fire by Modak (1977) indicated that the
point source model is within 5-percent the correct incident heat flux when L/D >2.5.

(4) The energy radiated from the flame is a specified fraction of the energy released during
combustion.
(5) The model can be used to determine thermal radiation hazards in scenarios for which a

conservative estimate of the hazard is generally acceptable.
The following limitation applies to solid flame radiation models at and above ground level:

(1) The correlation of emissive power was developed on the basis of data from experiments
thatincluded kerosene, fuel oil, gasoline, JP-4, JP-5%, and liquified natural gas (LNG). With
the exception of the LNG, these are quite luminous flames, so the correlation should be
suitable for most fuels. The pool diameters ranged from 1 to 50 m.

5.6 Required Input for Spreadsheet Calculations

The user must obtain the following information before using the spreadsheet:

fuel type (material)

fuel spill area or curbed area (ft?)

distance between fire and target (ft)

vertical distance of target from ground level (ft)
wind speed (ft/min)

~ e~~~ —~
A ON -
~ — — ~— ~—

5.7 Cautions

(1) Use the appropriate spreadsheet (05.1_Heat_Flux_Calculations_Wind_Free.xls or
05.2_Heat_Flux_Calculations_Wind) on the CD-ROM for the calculation.

(2) Make sure units are correct on input parameters.

Common jet fuel.
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5.8 Summary

Estimating the thermal radiation field surrounding a fire involves the following steps:

(1) Characterize the geometry of the pool fire; that is, determine its HRR and physical
dimensions. In calculating thermal radiation, the size of the fire implies the time-averaged
size of the visible envelope.

(2) Characterize the radiative properties of the fire; that is, determine the average irradiance
of the flames (emissive power).

(3) Calculate the radiant intensity at a given location. This can be accomplished after
determining the geometry of the fire; its radiation characteristics; and the location, geometry,
and orientation of the target.Determine the HRR from Equation 5-2 or from experimental
data available in the literature.

(4) Determine the height of the pool fire.

(5) Calculate the view or configuration factor.
(6) Determine the effective emissive power of the flame.
(7) Calculate the radiative heat flux to the target.
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5.10 Additional Readings

Cote, A., and P. Bugbee, Principle of Fire Protection, 2" Edition National Fire Protection
Association, Quincy, Massachusetts, 1988.

Friedman, R., Principles of Fire Protection Chemistry and Physics, 3™ Edition, National Fire
Protection Association, Quincy, Massachusetts, 1998.

Fire Dynamics Course Guide, Federal Emergency Management Agency (FEMA), United States Fire
Administration (USFA), National Emergency Training Center, Emmitsburg, Maryland, 1995.

Karlsson, B., and J.G. Quintiere, Enclosure Fire Dynamics, Chapter 7, “Heat Transfer in
Compartment Fires,” CRC Press LLC, New York, pp. 141-180, 1999.

Quintiere, J.G., Principles of Fire Behavior, Chapter 3, “Heat Transfer,” Delmar Publishers, Albany,
New York, pp. 47-64, 1997.
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5.11 Problems
Example Problem 5.11-1

Problem Statement

A pool fire scenario arises from a breach (leak or rupture) in a transformer. This event allows the
fuel contents of the transformer to spill and spread over the compartment floor. The compartment
is very large and has a high ceiling (e.g., typical reactor building elevation of a BWR, turbine
building open area). A pool fire ensues with a spill area of 9.0 ft” on the concrete floor. Calculate
the flame radiant heat flux to a target (cabinet) at ground level with no wind using: a) point source
radiation model and b) solid flame radiation model. The distance between the fire source and the
target edge is assumed to be 10 ft.

target
cabinet

Example Problem 5-1: Radiant Heat Flux from a Pool Fire to a Target Fuel

Solution
Purpose:

(1) Calculate the radiant heat flux from the pool fire to the target cabinet using the point
source and solid flame radiation models.

Assumptions:
(1) The pool is circular or nearly circular.

(2) Radiation to the surroundings can be approximated as being isotropic or emanating
from a point source (valid for point source radiation model only).

(3) The correlation for solid flame radiation model is suitable for most fuels.
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Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) 05.1_ Heat_Flux_Calculations_Wind_Free.xls

(click on Point Source and Solid Flame 1 for point source and solid flame analysis
respectively).

FDT?® Input Parameters: (For both spreadsheets)
-Fuel Spill Area or Curb Area (A_,,) = 9.0 ft?
-Distance between Fire Source and Target (L) = 10 ft
-Select Fuel Type: Transformer Oil, Hydrocarbon

Results*

Radiation Model Radiant Heat Flux
q" kW (Btu/ft*-sec)

Point Source 1.45 (0.13)

Solid Flame 3.05 (0.27)
* see spreadsheet on next page
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Spreadsheet Calculations
FDT®: 05.1_ Heat_Flux_Calculations_Wind_Free.xls (Point Source)

CHAPTER 5. ESTIMATING RADIANT HEAT FLUX FROMFIRE TO A TARGET

FUEL AT GROUND LEVEL UNDER WIND-FREE CONDITION

POINT SOURCE RADNATION MODEL

Version 1305.0

The fdlowing calcuations estimate the Adigtive heat dux from 3 pool fire to atarga fuel.

The purpese ofthis calcdation is to estimate the radiation tansmitted from a buming fuel amayto a @rget

fuel postioned some distance fom the dre at ground kwvelto determine it secondany ignitions are likehy with no wind.
Pararmeters in Y ELL W CELLS are Ertered bythe User.
Fararneters in GREEM CELLS are futornaticdly Sdected from the DROF DOWWH MENUforthe Fuel Selectad.
Al subsequent ouput walues are calculated by the spreadshest and based on walues speciied in the nput
parameters. This spreadshest is protected and secureto 3wnid emors dueto a wrong entryin a cellis).

The chapterin the MUREG should be read before an aralysis is made.

INPUT PARAMETERS

h==z Buming Fate of Fuel {m'™ 0030 kaim -rec
Effective Heat of Combustion of Fuel (0H. <) FALSE AG000 kL
Empirical Constant (ki) O.F|m
Heat Felease Fate (0] TPl 52 kW
Fuel #rea or Dke Area (f.) gopf® 054
Distance between Fire and Target (L) 000 3048 m
Fadiative Fraction (51 0.0
OFTIONAL CALCULATION FOR GIVEN HEAT REL EASE RATE
Selaet” User Speclad valus” from Fus| Type Menu and Enter vour HRR hers 7 [ w
Calculate
THERMAL PROFPERTIES DATA
B URMNIMG RATE DATA FOR FLELS
Ereincal
Fual hvss Buming Fate| Heat of Combustion Conztant Saledt Fuel Type
m" (g -sec) LH. . i) M tm Trarsfomner Gil, Hydnocarkon
[hdethanal 0017 20,000 il Sizral| to desired fuel type then
Bhanol o015 26,800 100 Click on zelaction
Butane 0073 45,700 27
Benzene 0 055 40,100 iy
Hexane 0074 44,700 14
Heptare 0.101 4600 1.1
Hlene 009 40,200 14
Poatane 0041 25,200 18
Dioxane oo1g 26,200 54
Diethy Bther 0035 34,200 nr
Benzine 0 044 44,700 36
Gasoline 0055 43,700 |
Kerosine 0039 43,200 35
Die=el 0 045 44,400 21
JP-4 0051 43,500 il
JP-5 0054 43,000 15
Transtormer Qil, Hydrocarbon 0034 46,000 or
561 Silicon Transformer Fuid 0005 28,100 100
Fuel Oi, Heawy 0035 39,700 17
Crude Gil 00335 42 600 g
Lubee il 0039 46,000 [
Douglas Fir Phaood 001082 10,900 100
Lker Specified Walue Eriter “4lue Eiter Walue Erter Walue
ETTETI e | o I oo, OF e BT o L nr, Bl I, s, e o, e
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ESTIMATING RADIATIVE HEATFLUX T A TARGET FUEL

Re®rence | 555 Hanobookof A Frofection Snpineering , 3 Blllon, 2002, Fage 272

FOINT SOURCE RADIATION MODEL
qQ'=03i4aR
ihers q" = incident rAdiative heat 1ux on the @rget M)
0 = poal fre heat release rate 070
7. = radiative fraction
F = distance from center afthe pool fireto edge ofthe tanget (m)

Pod Are Diameter Calculation

A= w00

O = iy, =)

ihers Ay, = surface area of poal fire (m™)
0O = poal fire diamter (mi

0= 103 m

Heat Release Rate Calcdation

O=m"aH__(1-a" 1A

ihers 0 = poal fre heat release rate 070
m" = mass buming rate of fuel per unit surce area (hgdn'-sac)
4H = effective heat of combustion of fuel (kdbg)

A= zurface area of pool dre (area involed invaponz ation iim )
kf = empirical constant (m )
O = diameter of poal fire (diameter inwelwed in vaporzation, drealar pool is assumed) (m)

o= P52 kg

Distarce from Certer of the Fire to Edge of the Target Caledation

R = L+Dv2

ihere F = distance from center afthe pool fireto edge ofthe tanget (m)
L = distance between poal dre and @rget (m)
O = poal fine diameter (m)

R= 356 m

Radiative Heat Flux Caledation
qQ'=03/4aR

[l = 145 kvidn® 01z Btuft ses

NOTE

The abowe caloulations are based on principle s devweloped in the 5FPE Handbook of Fire Protection
Enqine ering, 3 Edition, 2002.

Caleulations are ba=sed on certain assumptions and hawe inherent limiations. The resubts of such
caleulations may or may not hawe rea=sonable predictive capabilities o ra given situation, and
shiould anby be interpreted by an informed user.

Athough each calculation in the spreadshest has been wverified with th e result= of hand calculation,
there is no absolute guarantee of the accuracy ofthese calculatons.

Aoy questions, comments, concems, and suggestions, orto report an emon’s) inthe spreadsheet,
please ==nd an emailto ned@nne.gow or mses3 Eore.go.
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FDT®: 05.1_ Heat_Flux_Calculations_Wind_Free.xls (Solid Flame 1)

CHAPTER 5. ESTIMATING RADIANT HEAT FLUX FROM FIRE TO A TARGET
FUEL AT GROUND LEVEL UNDER WIND-FREE CONDITION

SOLID FLAME RADIATION MODEL

Version 1805.0

The ©llawing calculations estimate the radigtive heat dux fom a pool dreto 3 @ng et el

The purpose afthis caloulation is to estimate the adiation transmitted from a buming el amayto a @rget

fuel postioned some distance from the fire at ground lewvel to determine if secondany ignitions are like by with no wind.
Fararneters in Y ELLOWY CELLS are Entered by the User.

Pararmetersin GREEM CELLS are futormati cally Selected fromthe OROFP DOWWH M EMUfor the Fuel Selected.
Al subsequent output values are caleulated bythe spreadsheest and based on walues speciied inthe input
parameters. This spreadshest i= protected an d secure to awoid errors dueto 3 wrong entryin 3 cell(s).

The chapter n the HMUREG should be read be fore an analysis is made.

INPUT PARAMETERS

ReTerence : SFEE Fanchooh of Fie Protedion Sngneering 3 Blllon, 2002, Fage #206.
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hilas=s Buming Rate of Fuel (m'™) OO3 0 kg rec
Effective Heat of Combustion of Fuel (aH. . FALSE 46000 |kdky
Empirical Constant (kE) 0.7 m
Heat Release Rate () Tr1A2 e
Fuel Area or Dike Anea (A qopfm oEe M
Distance between Fire and Target (L) 1000]a I04E M
OPTIOHAL CALCULATION FOR GIVEH HEAT RELEASE RATE
Select”User spacifed Valus” from Fusl Type Menu and Enkrvour HRFR hers 7 T ew
THERMAL PROFERTIES DATA
EURMIMG RATE DATA FOR FUELS
Empincal
Fuel llass Buming Fate [Heat of Combustion Constant Select Fuel Type
m” kghn-sec)  laH L o) kF(m | Transtorm sr Cil, Hydrosarbon -]
hiethanal 0.017 20 000 100 Scroll to desired fuel typs then
Ethanal 0.018 6 200 100 Click on selection
Butane 0.078 45 700 2.7
Benz ene 0.085 40,100 2.7
Hexane 0.0v4 7 00 14
Heptane 0.1m 44500 1.1
Hylene 0.09 40 200 1.4
Foetone 0.0 5 E00 1.4
Dioxane 0.018 26,200 5.4
Diiethy Bther 0.025 4200 0.7
Benzine 0.0 7 00 36
Gazoline 0.055 43700 21
Fero sine 0.039 43200 3.5
Digzel 0.045 44 400 2.1
JP-4 0.051 43500 36
JP-5 0.054 43000 1.6
Transtormer Qil, Hydrocarbon 0.039 <6 000 0.7
561 Silicon Transtormer Fluid 0.005 28,100 100
Fuel 0il, Heauwy 0.035 39,700 1.7
Crude 0il 0.0335 42500 2.8
Lube il 0.039 46 000 0.7
Douglas Fir Phywood 0.01082 10800 100
User Specified Walue Eniter Walue Enite r'walue Eniter Walue



ESTIMATING RADIATIWE HEAT FLUX TO ATARGET FUEL
P By et SFPS Satiboah o Fie SraectinSrpnesing, 3 BN, 20X, S 3250,

S0LI0 FLAME RADWTION MODEL

i = EF:

Whe e " = ke vtr@adiatve beat e on the Brget ¢Wm
E=cmbshe powerotthe poolfie fame &Wms
Foocm=ulew Tactor betwes s faEe tand the flame

Pool Are Dlames ter Caleulaton

Bpa=aD'A
O=uda. m
W ke e A= sartace araotpoolthe dn
O = poalfe diame i
0= 193 m
Emlgglve Powesr Caleulation
E= 550 i
W ke e E=cmbile powerotte poalfe flame W m
O=dlame®rotthe poolfle
E= F6.88 KW
View Factor Caleulatlon
F B E-1Z0dB -0 A (D SR S R RS- Tt
F - e dAS -0 FdaSiEr GSHEHD  HARASE - B
A= I+ 12T
= (352
T 2ZRD
= 2HD
| WF i+ )
Whe F- = korEontalvk w tactor
F = e ricalvkw tactor

F: o= MaAkmm vEw facior

Fo= ditarce Tom ceaterotthe poolfie ©edee oftie tetim
Hi=kekpht ot the poolthe Thme )

0= poolfiE diame®rim)

Ol stance from Canter of the Pool Ars © Bdge of the Targe tCaleulaton

F=L+0/2

W he Fo=clistance Trom e eter of e poolThe to edge of e @get )
L=ckfuce betweey poolfe awl target )
O = poolfre diamer )

F=L+Di2= 3564 m

HeatReleass Rate Calculation

CommTEH - T A
Wihe e Compoolthe beat ekae @ kW

m = massbaming @ offmelperankanmace ara kam e

&H = etk ctie keatotoom biston ottee ik JEd

A= partace aea of pool e @rea hvoked b vaporzaton an )

KB = emplirtal constant n

0= dlame®rotpool e &lEm eter Wuoked b vaporsation, clienarpool B assamed
Q= FrLs2 kw

Pool Are Aams HalghtZaleulation

H=0235a" 1020

Wihe Hy=tflame ke bhtin;
@ =fheatrekare @k ofde kW
0= e diame®rn

H= 2505 m
Sm 2RO - 6308
Ib=2HD=- 4.468
A= RS - 4371
B o= (145 WS- 3526

5-26



Radiative Heat Flux Caleulation
" =EF -z

ler*= 3.05 WM 0.27 Btuft'sec | [P

The above caloculstions are based on prind ples developed in the SFPE Handbook of Fire Praection
Encineering, 3 Edition, 2002,

Caloulations are based on cetain assumptions and hawve inherent limitations. The results of such
caloulations may or may na have reasonakle predictve capakbilities for a gven stuation, and should
only be interpreted by an informed user.

Athough esch calcuation inthe spreadsheet has been velified with the rezults of hand calculstion,
there iz no absolute guarantee of the acouracy of these calculations.

Ay questions, com ments, concerns, and suggestions, or to report an errons) in the spreadshest,
pleaze zend an email to nxd @Nrc.goy oF mxsSEnec.goy.
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Example Problem 5.11-2

Problem Statement

A transient combustible fire scenario may arise from burning wood pallets (4 ft x 4 ft = 16 ft%),
stacked 10 ft high on the floor of a compartment with a very high ceiling. Calculate the flame
radiant heat flux to a target (safety-related cabinet) at ground level with no wind, using the point
source radiation model and the solid flame radiation model. The distance between the fire source

and the target edge (L) is assumed to be 15 ft.

WA target
AP cahingt
U q
EATAVAVAV
T EavavaVavey
wlftf,:r f f—— =15 ft———
Lyrood pallet—T
A=1B7t2

Example Problem 5-2: Radiant Heat Flux from a Burning Pallet to a Target Fuel

Solution

Purpose:
(1) Calculate the radiant heat flux from the fire source to the target cabinet using the

point source and solid flame radiation models.
Assumptions:

(1) The fire source will be nearly circular.

(2) Radiation to the surroundings can be approximated as being isotropic or emanating
from a point source (valid for point source radiation model only).

(3) The correlation for solid flame radiation model is suitable for most fuels.
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Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) 05.1_Heat_Flux_Calculations_Wind_Free.xls
(click on Point Source and Solid Flame 1 for point source and solid flame
analysis respectively)
FDT?® Inputs: (For both spreadsheets)
-Fuel Spill Area or Curb Area (A_,,) = 16 ft°
-Distance between Fire Source and Target (L) = 15 ft
-Select Fuel Type: Douglas Fir Plywood

Results*

Radiation Model Radiant Heat Flux
q" kW (Btu/ft>-sec)

Point Source 0.15 (0.01)

Solid Flame 0.45 (0.04)
*see spreadsheet on next page
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Spreadsheet Calculations
FDT®: 05.1_Heat_Flux_Calculations_Wind_Free.xls (Point Source)

CHAPTER 5. ESTIMATING RADIANT HEAT FLUX FROMFIRE TO A TARGET

FUEL AT GROUND LEVEL UNDER WIND-FREE CONDITION

POINT SOURCE RADNATION MODEL

Version 1305.0

The fdlowing calcuations estimate the Adigtive heat dux from 3 pool fire to atarga fuel.

The purpese ofthis calcdation is to estimate the radiation tansmitted from a buming fuel amayto a @rget

fuel postioned some distance fom the dre at ground kwvelto determine it secondany ignitions are likehy with no wind.
Pararmeters in Y ELL W CELLS are Ertered bythe User.
Fararneters in GREEM CELLS are futornaticdly Sdected from the DROF DOWWH MENUforthe Fuel Selectad.
Al subsequent ouput walues are calculated by the spreadshest and based on walues speciied in the nput
parameters. This spreadshest is protected and secureto 3wnid emors dueto a wrong entryin a cellis).

The chapterin the MUREG should be read before an aralysis is made.

INPUT PARAMETERS

h==z Buming Fate of Fuel {m'™ 001032 [kam -rec
Effective Heat of Combustion of Fuel (0H. <) FALSE 10900 |kLig
Empirical Constant (457 100 fm
Heat Felease Fate (0] 1ra3 kw
Fuel frea or Dke Area (A 1600(™ laa W
Listance between Fire and Target (L) 16.00|n +5T2m
Fadiative Fraction (51 0.0
OFTIONAL CALCULATION FOR GIWEM HEAT RELEASE RATE
Selec £ Ussr Specled Valus” from Fusl Typs Menu and Entsrvour HRR Mers 7 . w
Calculate
THERMAL PROFERTIES DATA
EURMIMG RATE DATH FOR FUELS
Ereincal
Fual hvss Buming Fate| Heat of Combustion Conztant Saledt Fuel Type
m" (kgdn -s2e) [y (g W im Doagas Ar Aywood
Ihdethanol o017 20,000 100 Scroll to desired fuel type then
Bhanol o015 26,800 100 Click on zelaction
Butane 0078 45,700 27
Benzene 0035 40,100 7
Hexana 0074 44,700 14
Heptare 0.101 4600 1.1
Hene 004 40,800 14
Poatone 0041 25,800 14
Dicxane 0018 26,200 )
Diathry Bher 0085 34,200 or
Benzine 0 044 44,700 36
Gazoline 0055 43,700 2.1
Kerosine 0039 43,200 34
Diasal 0 045 44,400 2.1
JP- 0051 43,500 36
JP-A 0064 43,000 15
Transtormer Qil, Hydrocarbon 0034 46,000 or
561 Silicon Transformer Fluid (0005 28,100 100
Fuel 01, Heawy 0035 39,700 17
Crude Gil 00335 42 GO0 13
Lubee 0l 0039 45,000 or
Douglas Fir Phwood 001082 10,900 100
Lker Specified Walue Eriter “4lue Eiter Walue Erter Walue
ETTETI e | o I oo, OF e BT o L nr, Bl I, s, e o, e
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ESTIMATING RADIATIVE HEATFLUX T A TARGET FUEL

Re®rence | 555 Hanobookof A Frofection Snpineering , 3 Blllon, 2002, Fage 272

FOINT SOURCE RADIATION MODEL
qQ'=03i4aR
ihers q" = incident rAdiative heat 1ux on the @rget M)
0 = poal fre heat release rate 070
7. = radiative fraction
F = distance from center afthe pool fireto edge ofthe tanget (m)

Pod Are Diameter Calculation

A= w00

O = iy, =)

ihers Ay, = surface area of poal fire (m™)
0O = poal fire diamter (mi

0= 138 m

Heat Release Rate Calcdation

O=m"aH__(1-a" 1A

ihers 0 = poal fre heat release rate 070
m" = mass buming rate of fuel per unit surce area (hgdn'-sac)
4H = effective heat of combustion of fuel (kdbg)

A= zurface area of pool dre (area involed invaponz ation iim )
kf = empirical constant (m )
O = diameter of poal fire (diameter inwelwed in vaporzation, drealar pool is assumed) (m)

o= 17331 ke

Distarce from Certer of the Fire to Edge of the Target Caledation

R = L+Dv2

ihere F = distance from center afthe pool fireto edge ofthe tanget (m)
L = distance between poal dre and @rget (m)
O = poal fine diameter (m)

R= S26m

Radiative Heat Flux Caledation
qQ'=03/4aR

[l = 045 kvidn® 001 Btuftses

NOTE

The abowe caloulations are based on principle s devweloped in the 5FPE Handbook of Fire Protection
Enqine ering, 3 Edition, 2002.

Caleulations are ba=sed on certain assumptions and hawe inherent limiations. The resubts of such
caleulations may or may not hawe rea=sonable predictive capabilities o ra given situation, and
shiould anby be interpreted by an informed user.

Athough each calculation in the spreadshest has been wverified with th e result= of hand calculation,
there is no absolute guarantee of the accuracy ofthese calculatons.

Aoy questions, comments, concems, and suggestions, orto report an emon’s) inthe spreadsheet,
please ==nd an emailto ned@nne.gow or mses3 Eore.go.
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FDT®: 05.1_Heat_Flux_Calculations_Wind_Free.xls (Solid Flame 1)

CHAPTER 5. ESTIMATING RADIANT HEAT FLUXFROM FIRE TO A TARGET
FUEL AT GROUND LEVEL UNDER WIND-FREE CONDITION
SOLID FLAME RADIATION MODEL

wersion 18035.0

The ©llawing calculziorns estimate the mdative hea fiu from a peol fire to 2 @rget fuel.
The purpose ofthis calculation is to estimate the radidion transmitbed from 3 buming fiel amayto a tanget

fuel postioned some distance fom the fire at ground lewel to determine if secondarny ignitions are lkelywith no wind.
Fararngers in Y ELLOW CELLS are Enteredbortbe Lsar,
Fararngers in GREEM CELL S are ftornati cal by Selected frorm the DROP DOWH MENU for the Fuel Sdeded.
Al subsequent output values are calculated by the spreadshea and based on walues speciied inthe input
parameters. Thisspreadsheet is protected and secure to 3woid emors dueto 3 wrong entryin 3 cdil=).

The chapterinthe MUREG should be read before an andysisis made.

INPUT PARAMETERS

== Buming Fate of Fuel (m'™)

Effective Heat of Combustion of Fuel (H..0

Empirical Constant (kD
Heat Falease Rate (O
Fuel Area or Dike Area (A

Distanc= betw een Fire and Tanget (L)

FALSE

OFTIONAL CALCULATION FOR GIWEN HEAT RELEASE RATE

Select"User Speciflad valus” from Fuel Type Menu and Entsr Your HER hers 7

0.0105% i —sec
10900 ke

100]m

175 21 |k

1600

15007

Loalouate |

THERMAL FROFERTIES DATA

BURMIMNG RATE DATA FORFLUELS

Sedect Fud Typea

g m

+57

Zm

| Cotgnas Ar Aywood

Empinca
Fuel hias= Buming Rate |Heat of Combustion Constant
m* ihgdn-z2ed il (kdg) ki
hdathanal 0017 0,000 100
Bhanol 0015 25,800 100
Butane 0078 45, 700 2.7
Benzers L] <0, 100 2.7
Haxana 007 o, 700 14
Heptane 0101 4, 600 1.1
Hene 009 0,500 1.4
Foatone 0 O 24,800 14
Diomane o014 25,200 5.4
Diethy Bher 0 085 24,00 0.7
Benzire 0 O 4, 700 K]
Gasoline 0 055 43, 700 2.1
Kerosine 00349 3, 00 3.8
Diazd 0 045 400 2.1
JP-4 0051 43,500 3.6
JP-5 0 05 3,000 16
Transtomer Qil, Hydrocarbon 0039 5,000 0.7
461 Silcon Transfommer Fuid 0 005 2,100 100
Fuel Qil, Heawy 0 035 28,700 1.7
Crude il 00335 2 00 2.8
Lube 01 0039 5,000 0.7
Douglas Fir Plywood 001082 10,900 100
Lser Speciied Wale Eniter Walus Hiter Waue Eriter “Alues
TR S E oo oF PE EredIon S e T, 3 Blllon, IO, T . -
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ESTIMATING RADIATIWE HEAT FLUX TO ATARGET FUEL
P By et SFPS Satiboah o Fie SraectinSrpnesing, 3 BN, 20X, S 3250,

S0LI0 FLAME RADWTION MODEL

i = EF:

Whe e " = ke vtr@adiatve beat e on the Brget ¢Wm
E=cmbshe powerotthe poolfie fame &Wms
Foocm=ulew Tactor betwes s faEe tand the flame

Pool Are Dlames ter Caleulaton

Bpa=aD'A
O=uda. m
W ke e A= sartace araotpoolthe dn
O = poalfe diame i
0= 138 m
Emlgglve Powesr Caleulation
E= 550 i
W ke e E=cmbile powerotte poalfe flame W m
O=dlame®rotthe poolfle
E= 3651 kWi
View Factor Caleulatlon
F B E-1Z0dB -0 A (D SR S R RS- Tt
F - e dAS -0 FdaSiEr GSHEHD  HARASE - B
A= I+ 12T
b= (352
T 2ZRD
= 2HD
| WF i+ )
Whe F- = korEontalvk w tactor
F = e ricalvkw tactor

F: o= MaAkmm vEw facior

Fo= ditarce Tom ceaterotthe poolfie ©edee oftie tetim
Hi=kekpht ot the poolthe Thme )

0= poolfiE diame®rim)

Ol stance from Canter of the Pool Ars © Bdge of the Targe tCaleulaton

F=L+0/2

W he Fo=clistance Trom e eter of e poolThe to edge of e @get )
L=ckfuce betweey poolfe awl target )
O = poolfre diametr )

F=L+Di2= 5.260 m

HeatReleass Rate Calculation

CommTEH - T A
Wihe e Compoolthe beat ekae @ kW

m = massbaming @ offmelperankanmace ara kam e

&H = etk ctie keatotoom biston ottee ik JEd

A= partace aea of pool e @rea hvoked b vaporzaton an )

KB = emplirtal constant n

0= dlame®rotpool e &lEm eter Wuoked b vaporsation, clienarpool B assamed
Q= 17531 kW

Pool Are Aams HalghtZaleulation

H=0235a" 1020

Wihe Hy=tflame ke bhtin;
@ =fheatrekare @k ofde kW
0= e diame®rn

H~= 0453 m
S=2R/0= T.R4T
I=2HD = 0638
A= RS - 3307
B o= (145 WES - 3.883
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Radiative Heat Flux Caleulation
" =EF ez

"{I" = 0.45 Wi .04 Btuft sec ||m

The above calculations sre based on prind ples developed in the SFPE Handbook of Fire Protection
Encineeting, 3 Edition, 2002,

Calculations are based on cedain assumptions and have inherent limitations. The results of such
calculations may or may nat have reasonakle prediclive capabilities for & gven stuation, and should
only be interpreted by an informed uzer.

Athough each calcuation in the spreadsheet has been wetified with the results of hand calculation,
there iz no abaolute guarantee of the acouracy of these calculations.

Any gquedions, com ments, concerns, and sugogestions, orto report an erron’s) in the gareadsheet,
pleazs zend an email to ned @nrc.goy oF mxs3Emnrc.goy.
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Example Problem 5.11-3

Problem Statement

A fire scenario may arise from a horizontal cable tray burning in a very large compartment. The
cables in the tray are IEEE-383 unqualified and made of PE/PVC insulation material (assume that
the exposed area of the cable is 20 ft?). Another safety-related cable tray also filled with IEEE-383
unqualified made of PE/PVC insulation material is located at a radial distance (L) of 9 ft from the
fire source. Calculate the flame radiant heat flux to a target (safety-related cable tray) using the
point source radiation model and solid flame radiation model. Is this heat flux sufficient to ignite the
cable tray?

fire source !

v target cable tray
cable tray osed] |EEE-383 cable
[EEE- 383 cahle |¢7 L= 91“[44
A= D0 2

Example Problem 5-3: Radiant Heat Flux from a Burning Cable Tray to a Target Fuel

Solution
Purpose:
(1) Calculate the radiant heat flux from the burning cable tray to the target cable tray
using the point source and solid flame radiation models.
(2) Determine if the heat flux is sufficient to ignite the cable tray.
Assumptions:
(1) The fire source will be nearly circular.
(2) Radiation to the surroundings can be approximated as being isotropic or emanating
from a point source (point source radiation model only).
(3) The correlation for solid flame radiation model is suitable for most fuels.
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Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) 05.1_Heat_Flux_Calculations_Wind_Free.xls
(click on Point Source and Solid Flame 1 for point source and solid flame analysis,
respectively).

FDT?® Inputs: (For both spreadsheets)
-Mass Burning Rate of Fuel (m"| = 0.0044 kg/m?-sec

-Effective Heat of Combustion of Fuel (AH_ ) = 25,100 kJ/kg

-Empirical Constant (kB) = 100 m™' (use this if actual value is unknown)

-Fuel Spill Area or Curb Area (A_,,) = 20 ft*

-Distance between Fire Source and Target (L) = 9 ft

Note: Since the insulation material (PE/PVC) is not available in the thermal
properties data of the spreadsheet, we have to input the mass burning rate and
effective heat of combustion in the spreadsheet. Values of cable materials
properties are available in Table 3-4. Select User-Specified Value, and enter the
respective values.

Results*
Radiation Model Radiant Heat Flux
q" kW (Btu/ft>-sec)
Point Source 0.4 (0.03)
Solid Flame 1.1 (0.10)

*see spreadsheet on next page
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Spreadsheet Calculations
FDT®: 05.1_Heat_Flux_Calculations_Wind_Free.xls (Point Source)

CHAPTER 5. ESTIMATING RADIANT HEAT FLUX FROMFIRE TO A TARGET
FUEL AT GROUND LEVEL UNDER WIND-FREE CONDITION

POINT SOURCE RADNATION MODEL

Version 1805.0

The fdlowing calcuations estimate the Adigtive heat dux from 3 pool fire to atarga fuel.

The purpese ofthis calcdation is to estimate the radiation tansmitted from a buming fuel amayto a @rget

fuel postioned some distance fom the dre at ground kwvelto determine it secondany ignitions are likehy with no wind.
Pararmeters in Y ELL W CELLS are Ertered bythe User.

Fararneters in GREEM CELLS are futornaticdly Sdected from the DROF DOWWH MENUforthe Fuel Selectad.
Al subsequent ouput walues are calculated by the spreadshest and based on walues speciied in the nput
parameters. This spreadshest is protected and secureto 3wnid emors dueto a wrong entryin a cellis).

The chapterin the MUREG should be read before an aralysis is made.

INPUT PARAMETERS
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h==z Buming Fate of Fuel {m'™ 0 00 |kamm-rec
Effective Heat of Combustion of Fuel (0H. <) FALSE 25100|kLikg
Empirical Constant (457 100 fm
Heat Felease Fate (0] 206 20(kw
Fuel frea or Dlee Area () z000|" 185 M
Distance between Fire and Target (L) o0 274X m
Fadiative Fraction (51 0.0
OFTIONAL CALCULATION FOR GIWEM HEAT RELEASE RATE
Selec £ Ussr Specled Valus” from Fusl Typs Menu and Entsrvour HRR Mers 7 . w
Calculate
THERMAL PROFERTIES DATA
EURMIMG RATE DATH FOR FUELS
Ereincal
Fual hvss Buming Fate| Heat of Combustion Conztant Saledt Fuel Type
m" (g -sec) LH. . i) M tm Leer Specified Walle ||
Ihdethanol o017 20,000 100 Scroll to desired fuel type then
Bhanol o015 26,800 100 Click on zelaction
Butane 0078 45,700 27
Benzene 0035 40,100 7
Hexana 0074 44,700 14
Heptare 0.101 4600 1.1
Hene 004 40,800 14
Poatone 0041 25,800 14
Dicxane 0018 26,200 )
Diathry Bher 0085 34,200 or
Benzine 0 044 44,700 36
Gazoline 0055 43,700 2.1
Kerosine 0039 43,200 34
Diasal 0 045 44,400 2.1
JP- 0051 43,500 36
JP-A 0064 43,000 15
Transtormer Qil, Hydrocarbon 0034 46,000 or
561 Silicon Transformer Fluid (0005 28,100 100
Fuel 01, Heawy 0035 39,700 17
Crude Gil 00335 42 GO0 13
Lubee 0l 0039 45,000 or
Douglas Fir Phwood 001082 10,900 100
Lker Specified Walue Eriter “4lue Eiter Walue Erter Walue
ETTETI e | o I oo, OF e BT o L nr, Bl I, s, e o, e



ESTIMATING RADIATIVE HEATFLUX T A TARGET FUEL

Re®rence | 555 Hanobookof A Frofection Snpineering , 3 Blllon, 2002, Fage 272

FOINT SOURCE RADIATION MODEL
qQ'=03i4aR
ihers q" = incident rAdiative heat 1ux on the @rget M)
0 = poal fre heat release rate 070
7. = radiative fraction
F = distance from center afthe pool fireto edge ofthe tanget (m)

Pod Are Diameter Calculation

A= w00

O = iy, =)

ihers Ay, = surface area of poal fire (m™)
0O = poal fire diamter (mi

0= 154 m

Heat Release Rate Calcdation

O=m"aH__(1-a" 1A

ihers 0 = poal fre heat release rate 070
m" = mass buming rate of fuel per unit surce area (hgdn'-sac)
4H = effective heat of combustion of fuel (kdbg)

A= zurface area of pool dre (area involed invaponz ation iim )
kf = empirical constant (m )
O = diameter of poal fire (diameter inwelwed in vaporzation, drealar pool is assumed) (m)

o= 2005 20 kg

Distarce from Certer of the Fire to Edge of the Target Caledation

R = L+Dv2

ihere F = distance from center afthe pool fireto edge ofthe tanget (m)
L = distance between poal dre and @rget (m)
O = poal fine diameter (m)

R= 3 m

Radiative Heat Flux Caledation
qQ'=03/4aR

[l = 040 kvidn® 0.0z Btuftses

NOTE

The abowe caloulations are based on principle s devweloped in the 5FPE Handbook of Fire Protection
Enqine ering, 3 Edition, 2002.

Caleulations are ba=sed on certain assumptions and hawe inherent limiations. The resubts of such
caleulations may or may not hawe rea=sonable predictive capabilities o ra given situation, and
shiould anby be interpreted by an informed user.

Athough each calculation in the spreadshest has been wverified with th e result= of hand calculation,
there is no absolute guarantee of the accuracy ofthese calculatons.

Aoy questions, comments, concems, and suggestions, orto report an emon’s) inthe spreadsheet,
please ==nd an emailto ned@nne.gow or mses3 Eore.go.
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FDT®: 05.1_Heat_Flux_Calculations_Wind_Free.xls (Solid Flame 1)

CHAPTER 5. ESTIMATING RADIANT HEAT FLUXFROM FIRE TO A TARGET
FUEL AT GROUND LEVEL UNDER WIND-FREE CONDITION
SOLID FLAME RADIATION MODEL

wersion 18035.0

The ©llawing calculziorns estimate the mdative hea fiu from a peol fire to 2 @rget fuel.
The purpose ofthis calculation is to estimate the radidion transmitbed from 3 buming fiel amayto a tanget

fuel postioned some distance fom the fire at ground lewel to determine if secondarny ignitions are lkelywith no wind.
Fararngers in Y ELLOW CELLS are Enteredbortbe Lsar,
Fararngers in GREEM CELL S are ftornati cal by Selected frorm the DROP DOWH MENU for the Fuel Sdeded.
Al subsequent output values are calculated by the spreadshea and based on walues speciied inthe input
parameters. Thisspreadsheet is protected and secure to 3woid emors dueto 3 wrong entryin 3 cdil=).

The chapterinthe MUREG should be read before an andysisis made.

INPUT PARAMETERS

== Buming Fate of Fuel (m'™)
Effective Heat of Combustion of Fuel (H..0

Bmpirical Con=tant (ki
Heat Falease Rate (O

Fuel Area or Dike Area (A

Distanc= betw een Fire and Tanget (L)
OFTIONAL CALCULATION FOR GIVEN HEAT RELEASE RATE

Salect"Uesr Spacifled Valus” from Fuel Typs Menu and Erter vour HER hers 7

FALSE

00044

25100

100

102602

10000

ann

(SRR
(AR}

m

T

[ calouizte ]

THERMAL FROFERTIES DATA
BURMIMNG RATE DATA FORFLUELS

Sedect Fud Typea

gz m
ZT432m

[ ueer speemed vaue

Empinca
Fuel hias= Buming Rate |Heat of Combustion Constant
m* ihgdn-z2ed il (kdg) ki
hdathanal 0017 0,000 100
Bhanol 0015 25,800 100
Butane 0078 45, 700 2.7
Benzers L] <0, 100 2.7
Haxana 007 o, 700 14
Heptane 0101 4, 600 1.1
Hene 009 0,500 1.4
Foatone 0 O 24,800 14
Diomane o014 25,200 5.4
Diethy Bher 0 085 24,00 0.7
Benzire 0 O 4, 700 K]
Gasoline 0 055 43, 700 2.1
Kerosine 00349 3, 00 3.8
Diazd 0 045 400 2.1
JP-4 0051 43,500 3.6
JP-5 0 05 3,000 16
Transtomer Qil, Hydrocarbon 0039 5,000 0.7
461 Silcon Transfommer Fuid 0 005 2,100 100
Fuel Qil, Heawy 0 035 28,700 1.7
Crude il 00335 2 00 2.8
Lube 01 0039 5,000 0.7
Douglas Fir Plywood 001082 10,900 100
Lser Speciied Wale Eniter Walus Hiter Waue Eriter “Alues
TR S E oo oF PE EredIon S e T, 3 Blllon, IO, T . -

5-39

Scroll to desiredfud typethen

Click on =eledion



ESTIMATING RADIATIWE HEAT FLUX TO ATARGET FUEL
P By et SFPS Satiboah o Fie SraectinSrpnesing, 3 BN, 20X, S 3250,

S0LI0 FLAME RADWTION MODEL

i = EF:

Whe e " = ke vtr@adiatve beat e on the Brget ¢Wm
E=cmbshe powerotthe poolfie fame &Wms
Foocm=ulew Tactor betwes s faEe tand the flame

Pool Are Dlames ter Caleulaton

Bpa=aD'A
O=uda. m
W ke e A= sartace araotpoolthe dn
O = poalfe diame i
0= i m
Emlgglve Powesr Caleulation
E= 550 i
W ke e E=cmbile powerotte poalfe flame W m
O=dlame®rotthe poolfle
E= 434 KW
View Factor Caleulatlon
F B E-1Z0dB -0 A (D SR S R RS- Tt
F - e dAS -0 FdaSiEr GSHEHD  HARASE - B
A= I+ 12T
= (352
T 2ZRD
= 2HD
| WF i+ )
Whe F- = korEontalvk w tactor
F = e ricalvkw tactor

F: o= MaAkmm vEw facior

Fo= ditarce Tom ceaterotthe poolfie ©edee oftie tetim
Hi=kekpht ot the poolthe Thme )

0= poolfiE diame®rim)

Ol stance from Canter of the Pool Ars © Bdge of the Targe tCaleulaton

Fo=L+002

Whe e Fo=dltance Trom ceater of the poolThe toedge of e et qn)
L=dktrc =tween |ZIZIIZI|'I'|I'9 and target imj
0= poalfe dEame®rms

F=L+Diz= 4463 m

HeatReleass Rate Calculation

CommTEH - T A
Wihe e Compoolthe beat ekae @ kW

m = massbaming @ offmelperankanmace ara kam e

&H = etk ctie keatotoom biston ottee ik JEd

A= partace aea of pool e @rea hvoked b vaporzaton an )

KB = emplirtal constant n

0= dlame®rotpool e &lEm eter Wuoked b vaporsation, clienarpool B assamed
Q= 1026.02 KW

Pool Are Aams HalghtZaleulation

H=0235a" 1020

Wihe Hy=tflame ke bhtin;
@ =fheatrekare @k ofde kW
0= fire ciame®rn

H= 0.255 m
Sm 2RO - 21595
Ib=2HD=- 0.148
A= RS - 1.434
B o= (145 WS- 1.450
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Radiative Heat Flux Caloulation
" =EF -z

ler*= 1.14 WM 0.10 Buftsec | g

The above caloulstions are based on prind ples developed in the SFPE Handbook of Fire Praection
Encineering, 3 Edition, 2002,

Caloulations are based on cetain assumptions and have inherent limitations. The results of such
caloulations may or may nd have reasonakle predicive capakilities for a gven stuation, and should
only be interpreted by an informed user.

Athiough each calcd stion in the spreadsheet has been wverified with the results of hand calculation,
there iz no abaolute guarantee of the accuracy of thess calculations.

Any guedions, com ments, concerns, and sugoestions, orto report an erron’s) in the spareadsheet,
pleazs zend an email to ned @nrc.goy oF mxs3Enrc.goy.
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Example Problem 5.11-4

Problem Statement

A pool fire scenario may arise from a leak in a pump. This event allows the lubricating oil to spill
and spread over the compartment floor. A pool fire ensues with a spill of 9.6 ft? is considered in a
compartment with a concrete floor. The distance (L) between the pool fire and the target edge is
assumed to be 10 ft. Calculate the flame radiant heat flux to a vertical target (safety-related) 8 ft
high above the floor with no wind, using the solid flame radiation model. If the vertical target
contains IEEE-383 unqualified cables, could there be cable failure in this fire scenario?

target

L= 96 112
Example Problem 5-4: Radiant Heat Flux from a Pool Fire to a Vertical Target Fuel

Solution

Purpose:
(1) Calculate the radiant heat flux from the pool fire to the vertical target using the solid
flame radiation model.
(2) Determine if the IEEE-383 unqualified cables are damaged.
Assumptions:
(1) The fire source will be nearly circular.
(2) The correlation for solid flame radiation model is suitable for most fuels.
Spreadsheet (FDT®) Information:
Use the following FDT®:
(a) 05.1_Heat_Flux_Calculations_Wind_Free.xls (click on Solid Flame 2)
FDT® Inputs:
-Fuel Spill Area or Curb Area (A_,,) = 9.6 ft?
-Distance between Fire Source and Target (L) = 10 ft
-Vertical Distance of Target from Ground (H, = H,,) = 8 ft
-Select Fuel Type: Lube Oil
Results*

Radiation Model Radiant Heat Flux Cable Failure
q" kW (Btu/ft>-sec)

Solid Flame 3.0 (0.26) No ¢ =g

*see spreadsheet on next page
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Spreadsheet Calculations

FDT®: 05.1_Heat_Flux_Calculations_Wind_Free.xls (Solid Flame 2)

CHAPTER 5. ESTIMATING RADIANT HEAT FLUX FROMFIRE TO A TARGET

FUEL ABOVE GROUND LEVEL UNDER WIND-FREE CONDITION

SOLID FLAME RADIATION MODEL
wersion 1205.0

The howhg cakrlaton: estmat the allbtle he at e mom poslfie ©atrgthe |
The preie otthk cakcnlaton b o estinak the @dbtor Tanim fed fom a bare kg mel arrdy © a @get
e lpostoeed some ditarce Trom e tle above gooed Bueltode®m e Fiecondary Knbes ag ke B wkh oo wid.

Paramsters In VELLOWCELL S ars Enkrad by the User.

Parameters InGREEN CELLS are Zutomatically Selec®d om the DROP DOOWH MENU Tor the Fusl Selec ted.
Alzabgequentonpatvalnes are cakn BEd by the spreadsbestand based on valves specied nthe it
parameters. Thk spreack ke et kb protected and sech e to okl eron die D aworge ity e acellifs.

The chap® r b the NUREG § konkl be el betor an anakzk B mack .

INPUT PARAMETERS

Mass Bumlg Rak ofFeelin s

Effectie Heatof Comboazton otFael &H. 3

Emp ralConstantkFs

He atRe kage Rate i)

FrelireaorDke Aga (A0

DEtance betweenr Flie and Targ tilh

Wertbal DEtance of Targttran Groted (H = H 3

OFTIONAL CALCULATION FOR GNWEN HEAT RELEASE RATE

FALZE

Seleat ™l sar Spsoliad Valus" from Fusl Typs Menu and Ener Your HRR hisrs 7

0 03 9]kim-rec
FE000(kIM
1 [m
G115k
aiom
10 .0a[m
S00m

cuga
JHEm
Z4E+m

Caculge

THERMAL FROFPERTIES DATEA
EURNING RATE DATA ROR FUELS

Frel Mazs Barning Rak [Heatof Combaston Empiical Cowitant Select Foel Type
" ko SeS iy gk [AERT TR e oAl E
Methanal 0017 20,000 100 Scroll todesirsd fusl type Tisn
Ethanal 0015 26,500 100 Click on selec ion
B 1tane 0073 L5700 2.7
Benze e 0083 10,100 2.7
He xane 0074 (¥ eli]i] 1.9
He [ptan e 0101 Ly Xalln] 1.1
ke 009 L0500 1.1
Sted <1 1 00 25500 1.9
Dioane 0018 26,200 5.4
Dk thy Ethe 1 0 035 34200 0.7
JEeizhe 0045 Liyoo 3.6
G ot ollee 0033 L3700 2.1
e 103 Ine 0039 43200 3.5
Dk el 0043 oo 2.1
P-i 0051 13500 3.6
P53 0051 13000 1.6
TR smer oIl Hydrocabon 003 G000 0.7
56 15 Eon Transtormme 1 Flvkl 0005 23,100 100
Fue |0l He awy 0035 309700 1.7
Zruck Ol 00335 L2500 2.8
Lk Gl 003 G000 0.7
Donglas Fir P iwood 001082 10900 100
Uz er Sipe chik d vake Etervale SRINELD Enrialie
Rewene . SFFE Mmoo of e Foecton Sy, 37 Bl on, 2002, Page 320,
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ESTIMATING RADTIWE HEAT FLUXTO A TARGET FUEL
ReRIENE | 5FFE Hanalooh of e FotectibnSnpireerng, 3 B, D02, Pape 3270

SOLID FLAME RADIATION MODEL

i = EF
Where

Pool Are DlamsBrZaleulaton

Q7 = Wcklentradiatve beat o on e wEet &
E=emEsbe powe rorthe pool T fame &Win
F o= vkw Tactor betws e v targe tand the flam 2

Bu,=aD'i

D=wia, m

Where A= gnmace area of poo e dn s
O = pool The diam® s

D= 1.07 m

Emnlselve Powsr Caleulaton

E= 358 (10 ]

Where E=g&mbsle powerofthe poolThe flame £
O=dlametroftie poolfie oG

E= 3684 kWM

Waw Faetor Caleulation

F - IEAZEn (S -1 el ASHlan (53 DS 00 +A R @A -1l A+ TS
F - AT (PO -1 i T G DT DG A TR -1

& = oS HDES

& - S DS

E= S

5- 2RO

b= 2H./D

bo- 2H./D

Fooom Frazus+F

Wker F .. =tlvertalutw fcor

Oistance from Centerofthe Pool

FE=dktic fom ceterofthe posife ©edie otthe wEEtm
Ho= ke kbt of the poolThe fame )
O = poal T diam eter s

Are to Edge of 118 Targs tCalculaton

F=L+D2

When Fo=dletance Trom cener of the poo e D edge ofthe @g tin
L=cb e eween poolfe and targ t )
O = pool The diam eter in’

F=L+D2Z=- 3581 m

Heat Ralsa e Rats Caleulation

CmmTEH -8 G A
Whemr O = poolfe beat B kase e KW

m”=mazs bom g rate ot melpernabsamac: aga om <ec

AH = efectbe heator combog ton otTee | EJRd

A= gnriace aea oTpoo e aea hvoled b vapozation) n

EE=emplral consant an

O = cllame® rof Eool e dhmeer Wuoke d i vaporEaton, cicnlarpol B assimeds dd
Q= B40L15 kW

Pool Are Rame Helght Salculation

H=0.2350 -1020

Whemr Ho=flame ke bt dn
O o= heatekate rake offre 0
O=TIE cliame®r

H= L3859 m

Sm 2RO - ET21

b =2H D= 4578

b =2H./D= 2¢H-H, 50 = -1.094

Bom il HT TS - 4,333
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R=diative Hedt Flux Cdculdion
9" = EF oz

"q . 2 g9 kWim® 025 Btuft™ sec

The abowe calculations are based on principles developed inthe SFPE Handbaok of Fire Protection
Eng;|ineering;|,3n'I Edition, 2002,

C aleulations are based on certain aszumplions and hawve inherent limiations. The resule ofsuch
caleulations may or may not hawe reasonable predictve capabilties for a given situation, and =hould
only be interpreted by an informed user.

Although each calculation inthe spreadsheet has been werified with the results of hand calculation,
there = no absolute guarantee ofthe accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the = preadsheet,
please send an email to rei@nr cogow or mes 3@ nrc. gow.
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Example Problem 5.11-5

Problem Statement

A transient combustible fire scenario may arise from burning wood pallets (4 ft x 4 ft = 16 ft%),
stacked 14 ft high on the floor of a compartment. Calculate the flame radiant heat flux from
exposure fire to a vertical target (safety-related electrical junction box) located 8 ft high above the

floor, with no wind, using the solid flame radiation model. The distance (L) between the transient
fire and the target edge is assumed to be 15 ft.

L, -
. -
) i ﬁl' R [ —— target
L iy cable hox
- = ndidadans LU
1 _h'__‘/ T N W W q
£ ot UL
1

£

14t T a v
2
{ el #ft
1 e, |<7L=15 fit———— l
Ay T
Lwood pallet—T
A= 1612

Example Problem 5-5: Radiant Heat Flux from a Burning Pallet to a Vertical Target Fuel

AN

ENFR

Solution
Purpose:
(1) Calculate the radiant heat flux from the burning pallet to the vertical target fuel using
the solid flame radiation model.
Assumptions:
(1) The fire source will be nearly circular.

(2) The correlation for solid flame radiation model is suitable for most fuels.
Spreadsheet (FDT®) Information:

Use the following FDT*:

(a) 05.1_Heat_Flux_Calculations_Wind_Free.xlIs (click on Solid Flame 2)
FDT?® Inputs:

-Fuel Spill Area or Curb Area (A_,,) = 16 ft*

-Distance between Fire Source and Target (L) = 15 ft
-Vertical Distance of Target from Ground (H, = H,,) = 8 ft
-Select Fuel Type: Douglas Fir Plywood

Results*

Radiation Model Radiant Heat Flux
q" kW (Btu/ft>-sec)

Solid Flame 0.30 (0.03)
*see spreadsheet on next page
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Spreadsheet Calculations
FDT®: 05.1_Heat_Flux_Calculations_Wind_Free.xls (Solid Flame 2)

CHAPTER 5. ESTIMATING RADIANT HEAT FLUX FROM FIRE TO A TARGET

FUEL ABOVE GROUND LEVEL UNDER WIND-FREE CONDITION

SOLID FLAME RADIATION MODEL

wersion 180:5.0

The Bhowhg cakrlation: esthmat the radlatle be at s from pocifie batrpthel
The prpose ofthh caknlaton b estmak the @dbton ransm fed fom a bare kg el armay © a @get

e lpostioned some ditece Trom te e above gond kueltode®m e Fiecondary Kb ae (ke ko wkh b Wi,
Parameters In vELLOWCELL S ars Enkrad by the User.
Parameters In GREEN ZELLS are Aubmalecally Selec®d from the DROP CSOAN MENL for the Fusl Sal e ted.
Algabzequentoriprivales are caknbied by the spreadibestand based on valves spciied b the hprt
parameters. Thk spreack ke et b protected and secu e to ook eron die D awpnge iy b acellis).

The chap® r b the NUREG £ honkl be re sl betor an avakihk b madk .

INPUT PARAMETERS

RMazz Bamlg Rak of Feelin %
Etfective HeatoT Combuston oTF el idH. 5

FALZE

EmpricalConstantkEy
He atRe kase Rate &)
FrelamaorDke ARa B0

Ditarce between Fle awd Tang til)
Wernbal DEtance of Tamg trrom Groaed (H = H 3

OFTIONAL CALCULATION FOR GNWEN HEAT RELEASE RATE

Selent ™ sar Speoled Value” from Fuel Type Menu and Enfer vour HRE here 7

001082
10200
100)
7531
1600
1500
00

1
Caculge

THERMAL FROPERTIES DATA

EURNING FATE DATA ROR FUELS

Frel Mazz B arelvg Rak|Heatof Combaston Empirkal Covsant
(IR e 3T 4H Ek kE im )

Methancl 0017 20,000 100
Ethanol 0015 26,800 ([xx]
E 1tans 0078 L5700 2.7
E & 028 he (== 40,100 2.7
LEFETT 007 Leon 1.9
He [ptan e 0101 LLEon 1.1
R g 009 LoE00 1.4
Cred T} 004 25500 1.9
Dloaane 0018 26,200 N
Dty Ethe 1 0085 34200 0.7
JEezhe 004s Leoo KX
G & ol 0035 L3700 .1
Feroslne 003 13200 3.3
Dlesel 0043 Lidnn 2.1

P-4 0051 L3500 3.0

P-5 0054 L3000 1.6
ITEstmers L Hydrocabon 003 L5000 0.7
55 1S eon Transtorme 1 Flvkl 0005 28,100 100
Fue 100, He avy 0035 39700 a1
Zruck Gl 0 0335 V200 2.8
Lub= Gl 003 L5000 0.7
Donglas Fir P ywocd 001082 10200 100
Lg o1 Sips chk o Vahe Entervalne EvErvalee Evervale
FERENVE ! GEPS I TEno of Foe PUoRCEon U ey, 3 B o, 000, Page 300,
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ESTIMATING RAGATIVE HEAT FLUX TO ATARGET FUEL

RaRferne | SFAS Hanabooh of S Protection Splneasing, ¥ Bl bon, 2002, Page R0

SOLID FLAME RADLIATION MODEL

q"= EF
Mhera q" = incident radiative heat 4ux onthe @rget 4R
E= emizsive power of the pool fire fame (kiim )
F: = view Bctor between target and the flame
Podd Fire Diarneter Caloulation
A= w00 H
O= k.. fx)
Mhera A = surface area of pod dre (m )
O = poal dre diamter (m)
0= 138 m
Ernizzive Power Caledation
E= & (10 i
Mhers E= emizsive power of the pool fire fame (kim )
O = diameter of the paol fire (M)
E= 6.3 (ko)
‘ew Factor Calcdation
F = FaSian o AT-0 el aItan GS-DASATD RS D ASE D A B FDES0AE TS
F = VaZidan AT -0 edoaTtay GS-NAEATD RN AR D Ay AT E-NE TS
A= th +5 +1325
A= the +5+1325
b= (1+57W2S
5= 2RO
h-= 2H-D
ha= 2H0
Fooun= F +F
Mhere F = total wertical wiew factor

F = distance from center ofthe pool ireto edge ofthe target (m)
H = height ofthe pool dre 4ame (m)

O = pool dre diameter ()

Oistance frorm Certer of the Podl Fireto Edge of the Target Calcalation

F= L+ Dv2

Mhere R = d=tance from canter ofthe pool dre to edge ofthe target (m)
L= distance between pool fire and @rget (m)
O = pool dre diameter ()

R= L+Di& = 5260 m

Hezt Release Rate Calcdstion
Q=maH ol -a " A
Mhere 0 = pool fire heat relegse rate (i)
m"= mass buming rate of fuel per unit surBce area (kgtn -sec)
UH. = effective heat of combustion of fuel (oblag)
A= surface area of pool fie (area inwolved invaponiz ioni(m )
kE = empirical constant (m
O = diameter of pool dre (dameter inwolwed in waporzation, circalar pool is assumediim)
o= ATE.31 ke

Pod Fire Rarne Height Calculstion
H=0x350 -10:0

Mhere H = flane height (m)
0 = heat release rate of fre JA07
O = fire diameter (m1)

H= 0.453 m
§=2RM= 7647
b= 2H D = 5.545
ho= 2HaD = I(H-H-¥D = 2887
fo= fh 5 HEE = 4.710
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R =diative Heat Flux Caculaion
9" = EF ez

|||:| "= 020 kiinn® ooz Btuft - =sec

The abowe caleulations are based on principles developed inthe SFPE Handbaok of Fire Protection
En5:|inleerin5:|.3r'I Edition, 2002,

C aleulations are based on certain aszumplions and hawve inherent limitations. The resule ofsuch
caleulations may or may not hawe reasonable predictve capabilties for a given situation, and =hould
only be interpreted by an informed user.

Although each calculation inthe spreadsheet has been werified with the results of hand calculation,
there = no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, ar to report an error(s) in the = preadsheet,
please send an email to re<i(@nr c.gow or mes @O, gow.
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Example Problem 5.11-6
Problem Statement

A fire scenario may arise from a horizontal cable tray burning in a very large compartment.
The cables in the tray are IEEE-383 unqualified and made of XPE/FRXPE insulation material
(assume that the exposed area of the cable is 20 ft?). A safety-related cable tray is also filled with
IEEE-383 qualified made of XLPE insulation material located at a radial distance (L) of 9 ft from the
fire source and 6 ft above the fire source. Calculate the flame radiant heat flux to a target (safety-related
cable tray) using the solid flame radiation model. Is the IEEE-383 qualified cable tray damaged?

2 target cable tray
U q LTJ |EEE-383 cable
AU
fire source & 4‘_6@
cabletray =
|EEE-383 cable =l
A =20t

Example Problem 5-6: Radiant Heat Flux from a Burning Cable Tray to a Vertical Target Fuel

Solution

Purpose:
(1) Calculate the radiant heat flux from the burning cable tray to the vertical target cable
tray using the solid flame radiation model.
(2) Determine if the IEEE-383 cable tray (target) is damaged.
Assumptions:
(1) The fire source will be nearly circular.
(2) The correlation for solid flame radiation model is suitable for most fuels.
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Spreadsheet (FDT®) Information:
Use the following FDT*:

(a) 05.1_Heat_Flux_Calculations_Wind_Free.xlIs (click on Solid Flame 2)

FDT?® Inputs:

Results*

-Mass Burning Rate of Fuel (th"| = 0.0037 kg/m?-sec

-Effective Heat of Combustion of Fuel (AH_ ) = 28,300 kJ/kg
-Fuel Spill Area or Curb Area (A_,,) = 20 ft°

-Distance between Fire Source and Target (L) = 9 ft
-Vertical Distance of Target from Ground (H, = H,,) = 6 ft

Note: Since the insulation material (XPE/FRXPE) is not available in the thermal
properties data of the spreadsheet, we have to input the mass burning rate and
effective heat of combustion in the spreadsheet. Values of cable materials
properties are available in Table 3-4. Select User-Specified Value, and enter
the th" and AH_ values from Table 3-4.

Radiation Model | Radiant Heat Flux Cable Failure
q" kW (Btu/ft>-sec)

Solid Flame 0.60 (0.05) No,
q: < q::l:ﬂrhl

*see spreadsheet on next page
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Spreadsheet Calculations
FDT®: 05.1_Heat_Flux_Calculations_Wind_Free.xls (Solid Flame 2)

CHAPTER 5. ESTIMATING RADMANT HEAT FLUX FEOM FIRE TO A TARGET
FUEL ABOVE GROUND LEVEL UNDER WIND-FREE CONDITION

SOLID FLAME RADIATION MODEL

“Wersion 13050

The Bhowhg cakrlation: esthmat the radlatle be at s from pocifie batrpthel

The prpose ofthh caknlaton b estmak the @dbton ransm fed fom a bare kg el armay © a @get

e lpostoned some ditce Trom te TR aboue g Bveltode®m e ¥iecondary KnRbas ae kel wEh oo w .
Parameters In VELLCWCELL § ars Entrad by the Ueer.

Parameters In GREEN ZELLS are Aubmalecally Selec®d from the DROP CSOAN MENL for the Fusl Sal e ted.
Algabzequentoriprivales are caknbied by the spreadibestand based on valves spciied b the hprt
parametarz. Thk spreack ke et b protected and secn e o avokl ermom dee ©awonge vy I acellis.

The chap® r b the NUREG £ houkl e 2 a0l betore an avakik b mack .

INPUT PARAMETERS

Mazs By Fak oTFue ln % 0.0037 ko -rec

Etfective HeatoT Combuston oTF el idH. 5 FALZE ZEI00|k)R
EmpricalConstntkl 20 [m

He atRe kase Rate &0 194 S6fky

FrelarzaorDke ARa .0 20.00m 1z m
DEtance between Flre and Tang til) agoln 274E2m
Wertbal Ditarce of Targ tfrom Gronad (H = H GO0 1588 m

OFTIONAL CALCULATION FOR GWEN HEAT RELEASE RATE
eleot ™l wer Spealied Value” from Fuel Typs Menuand Ener Your HRRhers 1 [ Juw
THERMAL PROFERTIES DBTA
EURHNING EATE DATA FOR FUELS
Frel Mazs Barning Rak [Heatof Combaston Emplrtal Costrt Select Fuel Type
L FY R A T kR (m ") [ user sps omted vaine E

Metianol 0017 20,000 100 Soroll todesired fusl type hien
Ethaiol 0013 26,500 100 Click on selec ion
E vtang 0078 k700 2.7
i e 0 D& 40,100 2.7
LERETT 007 Liyon 1.9
He ptan e 0.101 Ligoo 1.1
YRR 009 0E00 1.4
e 1 004 23500 1.9
Dioxane 0018 26,200 B
Dty Ethe 1 0085 34200 0.7
JEeazhe 004 700 3.0
G A ollee 0035 L3700 Z.1
Feroslie 003 3200 3.3
DE e 0045 Lhdoo 2.1

P-4 0031 43500 3.6

P 0054 43000 1.6
[TErstmerd Il Hydiocabo 0030 4E000 0.7
56 1S Ikon Transtome r Flvkl 0005 28,100 100
Fue 10, He awy 0035 39,700 T

sk O 0 0333 2500 2.8
Lk o0 0030 4E000 0.7
Dok Fir P ywocd 001082 10200 100
UserSpechkd vahe Entervahe Evervale Evervale
RERIENE T SFe s HaVThoes. of Fre FroRekor ST Een , 3 Bl ki, 00 Page 300,
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ESTIMATING RADTIWE HEAT FLUXTO A TARGET FUEL
ReRIENE | 5FFE Hanalooh of e FotectibnSnpireerng, 3 B, D02, Pape 3270

SOLID FLAME RADIATION MODEL

i = EF
Where

Pool Are DlamsBrZaleulaton

Q7 = Wcklentradiatve beat o on e wEet &
E=emEsbe powe rorthe pool T fame &Win
F o= vkw Tactor betws e v targe tand the flam 2

Bu,=aD'i

D=wia, m

Where A= gnmace area of poo e dn s
O = pool The diam® i

D= 1.54m

Emnlselve Powsr Caleulaton

E= 358 (10 ]

Where E=g&mbsle powerofthe poolThe flame £
O=dlametroftie poolfie oG

E= 36,33 kWM

Waw Faetor Caleulation

F - IEAZEn (S -1 el ASHlan (53 DS 00 +A R @A -1l A+ TS
F - AT (PO -1 i T G DT DG A TR -1

& = oS HDES

& - S DS

E= S

5- 2RO

b= 2H./D

bo- 2H./D

Fooom Frazus+F

Wker F .. =tlvertalutw fcor

Oistance from Centerofthe Pool

FE=dktic fom ceterofthe posife ©edie otthe wEEtm
Ho= ke kbt of the poolThe fame )
O = poal T diam eter s

Are to Edge of 118 Targs tCalculaton

F=L+D2

When Fo=dletance Trom cener of the poo e D edge ofthe @g tin
L=cb e eween poolfe and targ t )
O = pool The diam eter in’

F=L+D2Z=- 351 m

Heat Ralsa e Rats Caleulation

CmmTEH -8 G A
Whemr O = poolfe beat B kase e KW

m”=mazs bom g rate ot melpernabsamac: aga om <ec

AH = efectbe heator combog ton otTee | EJRd

A= gnriace aea oTpoo e aea hvoled b vapozation) n

EE=emplral consant an

O = cllame® rof ool e dhmeer Wuoke d i vaporEaton, chcylarpol B assimed dnd
Q= 13456 KW

Pool Are Rame Helght Salculation

H=0.2350 -1020

Whemr Ho=flame ke bt dn
O o= heatekate rake offre 0
O=TIE cliame®r

H= 0366 m

Sm 2RO - 4567

b =2H D= 2378

b =2H./D= 2¢H-H, 50 = -1.4502

Bom il HT TS - 3012
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R =diative Hemt Flux Caculdion
q"= EF ez

[lg = 057 kKim® 005 Btuft™ sec

NHOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire Protection
En;:lineerin;:l.S“I Edition, 2002.

C aleulations are bazed on certain assumplions and hawve inherent limitations. The resule of such
caleculations may or may not hawe reasonable predictive capabilties for a given situation, and should
only be interpreted by an informed user.

Although each caleulation inthe spreadsheet has been werified with the results of hand calculation,
there iz no absolute guarantee of the accuracy of these calculations.

Aony questions, comments, concerns, and suggestions, or to report an arroris) in the s preadsheet,
please send an email to re<if@nrcogow or mes @O gow.
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CHAPTER 6. ESTIMATING THE IGNITION TIME OF A TARGET FUEL
EXPOSED TO A CONSTANT RADIATIVE HEAT FLUX

6.1  Objectives

This chapter has the following objectives:

. Explain the importance of the location of the ignition source.

. Explain the importance of the position, spacing, and orientation of the fuel(s).

. Describe ignition parameters.

. Discuss how to calculate ignition time.

. Define relevant terms, including ignition temperature, flash point, piloted ignition,

and non-piloted ignition.

6.2 Introduction

When performing a fire hazard analysis (FHA), it is essential to understand ignition of materials
since the ignition of a combustible material is typically the first step in any fire scenario. Moreover,
once a fire starts, the ignition delay times of other materials, coupled with flame spread, will affect
the rate at which the fire spreads and develops. Thus, secondary ignition of other materials is
another important step in fire development.

Theories regarding ignition and flame spread on solids are based on the concept of a critical
surface temperature called the ignition temperature, T,,. This critical surface temperature is related
to the flash point (the lowest temperature at which a flammable vapor/air mixture exists at the
surface) in the ignition of liquids for the case of piloted ignition, or the auto-ignition temperature if
no pilot is present. The flash point phenomenon can be observed with solids under conditions of
surface heating, but cannot be defined in terms of a bulk temperature. Because solid fuel must
decompose to create fuel vapors (rather than simply evaporating), there is not a unique flash point
temperature for a solid fuel. Both piloted and automatic ignition occur in an identical fashion for the
evaporated ordecomposed fuel gases of liquid and solid fuels, respectively, asillustrated in Figure 6-1.

Pilot Ignition Source

Radiant
Heat

Source

(Pool Fire)

Evaporated Fuel

ratedeld E
Air%v Air Flow \H
Flammable/Combustible ( AXA by \/

Fuel Pool Air
Entrainment

Air

Air

Figure 6-1 Ignition Processes for Liquid and Solid Fuels
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For ignition to occur, the solid fuel must be heated sufficiently to vaporize and form a flammable
pre-mixed system (see Figure 6-2). An ignition source, such as a spark or small flame must also
be present, for piloted ignition or the gas mixture must be heated sufficiently to cause auto-ignition.
The critical surface temperature at which these ignitions occur is called the ignition temperature,
T,. Piloted ignition requires a much lower temperature than automatic (or spontaneous) ignition.
For example, wood has a typical piloted ignition temperature of 350 °C (662 °F) and 600 °C
(1,112 °F) for auto-ignition. Ignition temperature can be considered to be a property of the solid,
but it is not truly constant and can vary with the rate of heating.

Figure 6-2 External Radiation to a Solid Target Object
from a Flame or Hot Surface at Elevated Temperature

Heating of solids to ignition can be accomplished by radiation from flames or hot gases, by flame
contact, or by contact with hot gases. In any of these cases, the measure of the severity of the
heating sources is the heat flux, usually measured in kW/m? (Btu/ft>-sec). Table 6-1 lists typical
heat fluxes from various sources, which clearly show the significance of radiation in fires.

Table 6-1. Typical Heat Fluxes from Various Sources

Source Heat Flux Comment
(kW/m?)
Flame radiation 0-200 Depends on size of flame and distance from the flame
Flame convection 10-20 Direct flame contact
Hot gas convection 0-10 Direct gas contact
Hot gas radiation 1-150 Depends on gas temperature, soot concentration, and
distance from hot gases
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6.3 Ignition Sources and Fire Development

An ignition source can consist of a spark with a low energy content, a heated surface, or a large
pilot flame. The source of energy can be chemical, electrical, or mechanical. The greater the
energy of the ignition source, the faster the fire will subsequently grow on the fuel source surface.
A spark or a glowing cigarette may initiate smoldering combustion, which may continue to smolder
for a long time before flaming combustion begins. The smoldering often producing low heat but
considerable amounts of toxic gases. A pilot flame usually produces flaming combustion and
results in quicker flame spread and fire growth.

The location of the ignition source is also very important. For example, a pilot flame positioned at
the lower end of a window curtain may cause rapid upward flame spread and fire growth.
By contrast, the same pilot flame placed at the top of the curtain would cause much slower fire
growth with a slow, downward flame spread.

The position of the fuel can also have a marked effect on fire development. If the fuel is burning
away from walls, the cool air is entrained into the plume from all directions. When the fuel is close
to a wall, however, the entrainment of cold air is limited; this causes higher temperatures and
higher flames since combustion must take place over a greater distance.

The spacing and orientation of the fuels are also important. The spacing in the compartment
determines, to a considerable extent, how quickly the fire spreads between the fuel packages.
Upward flame spread on a vertically oriented fuel surface will occur more rapidly than lateral spread
along a horizontally oriented fuel surface. Similarly, a fuel package with a large surface area will
burn more rapidly than an otherwise equivalent fuel package with a small surface area. A pile of
wooden sticks, for example, will burn more rapidly than a single log of wood of the same mass.

6.4 Ignition Time for Thermally Thick Materials

Ignition time can be computed by calculating the time to achieve sufficient vaporization to result in
a flammable mixture plus the time for the mixture to ignite. Except for cases of low ambient oxygen,
the gas phase process is much faster than the heating time of a solid. Typical values of sufficient
mass loss rates (burning rates) to enable ignition are on the order of 2 to 6 g/m?. These values are
associated with the initiation of pyrolysis (combustion). Hence, ignition time for a solid can be
effectively computed by simple heat conduction theory. The surface of the solid must be heated
to its ignition temperature, T,,. Table 6-2 lists measured ignition times for typical thick solid fuels.
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Table 6-2. Typical Ignition Times of Thick Solid Fuels (Quintiere, 1997)

Materials Heat Flux Time to Ignition
q. 2 ty
(kW/m*) (sec)

Plexiglas, Polyurethane foam, Acrylate carpet 10 300

Wool carpet 20 70

Paper of gypsum board 20 150

Wood particle board 20 250

Polyisocyanurate foam 30 5

Wool/nylon carpet 30 70

Hardboard 30 150

The steady-state surface temperature of a thermally thick fuel is independent of the material’s
physical properties. The rate of heating and the time required to reach steady-state are material
dependent. At steady-state, the incident heat is entirely lost to the surrounding surface by
convection and re-radiation, but the temperature of the fuel remains constant. The heat flux
required to adjust the surface temperature to the ignition temperature, T, is known as the critical
heat flux (CHF). Ignition or flame spread is not possible below the threshold level of heating
represented by the CHF.

6.4.1 Method of Tewarson

As a fuel surface is exposed to heat flux, most of the heat is transferred to the interior of the
material. The ignition principle suggests that the rate with which heatis transferred depends on the
ignition temperature (T,,), ambient temperature, (T,), material thermal conductivity (k), material
specific heat (c), and the material density (p). The combined effects are expressed by a parameter
defined as the thermal response parameter (TRP), of the material as follows (Tewarson, 1995):

TRP = AT, \fkpe (6-1)

Where:
TRP = thermal response parameter (kW-sec'?/m?)
AT, = (T, - T,) = ignition temperature above ambient (K)
k = material thermal conductivity (kW/m-K)
¢ = material specific heat (kJ/kg-K)
p = material density (kg/m?)



TRP is a useful parameter for engineering calculations to assess resistance to ignition and flame
spread. The important material variables in the above equation are kpc. These variables combine
to form a material’s thermal inertia. (See Chapter 2, Section 2.6.1 for a more detailed discussion
of thermal inertia.) For most materials, ¢ does not vary significantly, and the thermal conductivity
is largely a function of the material density. This means that density is the most important material
property. Low-density materials are excellent thermal insulators because heat does not readily
pass the material, the surface of the material actually heats more rapidly and, as a result, can be
ignited more quickly. For thin materials, the weight or thickness plays an important role.

The ignition principle suggests that, for thermally thick materials, the inverse of the square root of
ignition time is expected to be a linear function of the external heat flux away from the CHF value

(Tewarson, 1995):
n (! _I'
(4. - CHF),|—
= ! (6-2)
TRP

2
t _:n:( TRP J
% 4\ 4. - CHF (6-3)
Where:

t,, = ignition time (sec)

{];_, = external heat flux (kW/m?)

CHF = critical heat flux for ignition (kW/m?)
TRP = thermal response parameter (kW-sec'?/m?)

The above equation applies to the transient period (before steady-state). Most common materials
behave as thermally thick materials and satisfy Equation 6-3. The CHF and TRP values for
materials are derived from the ignition data measured in the Flammability Apparatus, a commercial
instrument designed by the Factory Mutual Research Corporation (FMRC) for measuring bench-
scale HRR based on the oxygen consumption calorimetry. The CHF and TRP values for various
materials are listed in Table 6-3. The CHF are extrapolated from the experimental correlation when
the time to ignition goes to infinity, thus making CHF dependent on the model used for correlating
the data. The minimum heat flux for ignition should not be confused with the CHF for ignition.
Jenssens (1991) defined minimum heat flux for ignition and CHF for ignition as follows:

. Minimum heat flux for ignition is the heat flux below which ignition under practical condition
(in bench-scale test or real-scale test cannot occur).

. CHF for ignition is an estimate of minimum heat flux derived from a correlation of
experimental data.
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Table 6-3. Critical Heat Flux and Thermal Response Parameters

of Selected Materials

(Tewarson, 1995, © SFPE. With permission.)

Material Critical Heat Thermal Response
Flux (CHF) Parameter (TRP)
(kW/m?) (kW-sec"?m?)
Electrical Cables: Power
PVC/PVC 13-25 156-341
PE/PVC 15 221-244
PVC/PE 15 263
Silicone/PVC 19 212
Silicone/crosslinked polyolefine 25-30 435-457
EPR (ethylene-propylene rubber/EPR) 20-23 467-567
XLPE/XLPE 20-25 273-386
XLPE/EVA (ethyl-vinyl acetate) 12-22 442-503
XLPE/Neoprene 15 291
XLPO/XLPO 16-25 461-535
XLPO, PVF, (polyvinylidine fluoride)/XLPO 14-17 413-639
EPR/Chlorosulfonated PE 14-19 283-416
EPR, FR 14-28 289-448
Electrical Cables: Communications
PVC/PVC 15 131
PE/PVC 20 183
XLPE/XLOP 20 461-535
Si/XLOP 20 457
EPR-FR 19 295
Chlorinated PE 12 217
ETFE/EVA 22 454
PVC/PVF 30 264
FEP/FEP 36 638-652
Synthetic Materials
Polypropylene 15 193
Nylon 15 270
Polymethylmethacrylate (PMMA) 11 274
Polycarbonate 15 331
Polycarbonate panel 16 420
Natural Materials
Wood (red oak) 10 134
Wood (Douglas fir) 10 138
Wood (Douglas fir/fire retardant, FR) 10 251
Corrugated paper (light) 10 152

6-6




For first order approximation of ignition of solids, this discussion is highly simplified and ignores
several secondary aspects of the process. Nonetheless, the discussion shows that two properties
of a thick solid fuel significantly affect its ignition behavior. The ignition temperature of the solid is
clearly important and reflects the thermal stability of the material. Ignition temperature can be
thought of as a chemical property. Materials that are thermally stable are difficult to ignite and
exhibit higher ignition temperatures. The primary physical property of the material is its density.
The surface of low density material heats more rapidly, causing more rapid ignition of the material.
Table 6-4 summarizes typical ignition data for various materials.

Table 6-4. Ignition Temperature and Thermal Properties of Materials
(Quintiere, 1997)

Materials Ignition Density Thermal Specific Thermal
Temperature Conductivity Heat Inertia
p
T, (kg/m®) k c kpc
(°C) (kW/m-K) (kJ/kg-K) (kW/m?-K)*-sec
Polymethylmethacrylate 278 1200 0.00026 2.1 0.66
(PMMA)
Polyurethane foam 280 20 0.000034 1.4 0.00095
Douglas fir particle board 382 650 0.00011 2.0 0.14
(1.23 cm)
Plywood plain 390 540 0.00012 25 0.16
(1.23 cm)
Polystyrene foam 630 20 0.000034 1.5 0.0010
(5.08 cm)

To obtainignition time, several correlations are available in the literature. Although each correlation
uses the CHF and critical surface temperature criterion, each technique correlates the data
differently resulting in method-specific values for pseudo material properties required in the
analysis. Four more techniques are presented for calculating the time to ignition for thermally thick
materials under constant radiative heat flux. These methods are based on the principles from
SFPE Engineering Guide, “Piloted Ignition of Solid Materials Under Radiant Exposure.”
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6.4.2 Method of Mikkola and Wichman (SFPE Engineering Guide, 2002)

The time to ignition can be calculated using following correlation:
f W2
(L, L)

T
te=— kpe———"5 44
{{lr - {lcnt .’

1z

Where:
t,, = ignition time (sec)
kpc = material thermal inertia (kW/m? K)?-sec
T,, = ignition temperature (°C)
T,= ambient air temperature (°C)
qr = external heat flux (kW/m?)

i o = critical heat flux for ignition (kW/m?)

6.4.3 Method of Quintiere and Harkleroad (SFPE Engineering Guide, 2002)

The time to ignition can be calculated using following correlation:

Where:
t,, = ignition time (sec)

Gmin = minimum heat flux (kW/m2)

4. = critical heat flux for ignition (kW/m?)
b = flame spread parameter (1/ \/sec)
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6.4.4 Method of Janssens (SFPE Engineering Guide, 2002)

The time to ignition can be calculated using following correlation:

| -183
. -» | kpe q.
t, =0.563 | — [T— IJ (6-6)

hi, Qers

Where:
t,, = ignition time (sec)
kpc = material thermal inertia (kW/m? K)*-sec
h, = heat transfer coefficient at ignition (kW/m?-K)

(|, = external heat flux (kW/m?)

i, = critical heat flux for ignition (kW/m?)

The above three correlations used the material properties listed in Table 6-5.
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Table 6-5. Ignition and Flame Spread Properties of Materials
(SFPE Engineering Guide, 2002. With permission.)

Materials Ignition Thermal Inertia Minimum Heat Flame Spread
Temperature Flux for Ignition Parameter
kpc .n
T, (KW/m? K)2-sec -
(°C) (kW/m?) (1/ Vsec)
PMMA Polycast (1.59mm) | 278 0.73 9 0.04
Hardboard (6.35 mm) 298 1.87 10 0.03
Carpet (Arcylic) 300 0.42 10 0.06
Fiber Insulation Board 355 0.46 14 0.07
Hardboard (3.175mm) 365 0.88 14 0.05
PMMA Type G 378 1.02 15 0.05
(1.27 cm)
Asphalt Shingle 378 0.7 15 0.06
Douglas Fir Particle Board | 382 0.94 16 0.05
(1.27 cm)
Plywood Plain 390 0.54 16 0.07
(1.27 cm)
Plywood Plain 390 0.46 16 0.07
(0.635 cm)
Foam Flexible 390 0.32 16 0.09
(2.54 cm)
GRP (2.24 mm) 390 0.32 16 0.09
Hardboard 400 1.22 17 0.05
(Gloss Paint) (3.4 mm)
Hardboard 400 0.79 17 0.06
(Nitrocellulose Paint)
GRP (1.14 mm) 400 0.72 17 0.06
Particle Board 412 0.93 18 0.05
(1.27 cm Stock)
Carpet 412 0.68 18 0.06
(Nylon/Wool Blend)




Table 6-5. Ignition and Flame Spread Properties of Materials (continued)
(SFPE Engineering Guide, 2002. With permission.)

Materials Ignition Thermal Inertia Minimum Heat Flame Spread
Temperature Flux for Ignition Parameter
kpc .n
T, (kW/m? K)*-sec - (11 Vsec)
(°C) (kW/m?)
Gypsum Board, Wallboard | 412 0.57 18 0.07
(S142M)
Carpet # 2 435 0.25 20 0.11
(Wool Untreated)
Foam, Rigid (2.54 cm) 435 0.03 20 0.32
Fiberglass Shingle 445 0.5 21 0.08
Polyisocyanurate 445 0.02 21 0.36
(5.08 cm)
Carpet# 2 455 0.24 22 0.12
(Wool Treated)
Carpet # 1 465 0.11 23 0.18
(Wool, Stock)
Aircraft Panel Epoxy 505 0.24 28 0.13
Fiberite
Gypsum Board FR 510 0.4 28 0.1
(1.27 cm)
Polycarbonate 528 1.16 30 0.06
(1.52 mm)
Gypsum Board (Common) | 565 0.45 35 0.11
(1.52 mm)
Plywood FR (1.27 cm) 620 0.76 44 0.1
Polystyrene (5.08 cm) 630 0.38 46 0.14




6.4.5 Method of Toal, Silcock, and Shields (SFPE Engineering Guide, 2002)

The time to ignition can be calculated using following correlation:

Where:

1

t. =

= "

|9 -

t,, = ignition time (sec)
FTP = flux time product (kW-sec/m?)"

hi%

Ll ©D

q, = exposure or external heat flux (kW/m?)

q.n = critical heat flux for ignition (kW/m?)

n = flux time product index (n >1)

Equation 6-7 uses the material properties listed in Table 6-6.

Table 6-6. Ignition and Flame Spread Properties of Materials
(SFPE Engineering Guide, 2002. With permission.)

Materials Flux Time Product Critical Heat Flux Flux Time Product
FTP q Index
2\n at
(kW-sec/m*) (kW/m?) n
Chipboard 5,370 6.4 1.49
Chipboard 9,921 9 1.7
(Horizontal) (15 mm)
Chipboard 11,071 10 1.7
(Vertical) (15 mm)
Fiberboard 3,981 8.3 1.66
Hardboard 8,127 8.1 1.49
Hardboard 9,332 8.1 1.51
(Painted Gloss)
Hardwood 2,818 8.1 1.5
Plywood 6,164 10.6 1.51
Plywood 5,409 8.5 1.5
(Horizontal) (12 mm)
Plywood 42,025 10 2
(Vertical) (12 mm)




Table 6-6. Ignition and Flame Spread Properties of Materials (continued)
(SFPE Engineering Guide, 2002. With permission.)

Materials Flux Time Product Critical Heat Flux Flux Time Product
FTP q Index
2\n at
(kW-sec/m*) (kW/m?) n
Plywood 6,761 11.4 1.5
(Painted Gloss)
PMMA (Cast) (3mm) 3,100 5 1.25
PMMA 1,290 9 1
(Extruded) (2 mm)
Polyethylene (2mm) 2,220 12.5 1
Polypropylene 8,110 6.5 1.5
(3.3 mm)
PVC 5,130 15 1.5
(Extruded Gray) (3 mm)
PVC 95,000 8 2
(Pressed White) (3 mm)
Softwood 5,130 13.7 1.53
Softwood 44,079 10 2.2
(Horizontal) (20 mm)
Softwood 16,502 12 1.9
(Vertical) (20 mm)
Softwood Intumescent 4,569 13 1.5

Paint




6.5

Assumptions and Limitations

The methods discussed in this chapter are subject to several assumptions and limitations.

6.8

For ignition to occur, a solid material must be heated sufficiently to vaporize and form a
flammable mixture.

Ignition occurs when the surface reaches a critical temperature defined as the ignition
temperature.

A heat source must be present to ignite the solid.
The solid is assumed to be infinitely thick.

The methods are all derived through the solid with radiant heating on the surface.

Required Input for Spreadsheet Calculations

Target fuel type (material)

Exposed radiative heat flux to target (kW/m?)

Cautions

Use (06_Ignition_Time_Calculations.xls) spreadsheet on the CD-ROM for calculations.

Make sure to enter to use correct parameters in the correct units.

Summary

This chapter discusses ignition phenomena associated with thermally thick materials, as well as
material properties that have major effects on ignition and flame spread. For thin materials, the
weight or thickness of the material plays a very important role. For thick materials, the density of
the material has a major impact on ignition and flame spread rates.
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6.11 Problems
Example Problem 6.11-1
Problem Statement

Calculate the ignition time for a PVC/PE power cable, assuming that a 6.5-ft (2-m) diameter pool
fire produces a 25-kW/m? heat flux.

Solution

Purpose:
(1) Calculate the ignition time for a PVC/PE power cable.

Assumptions:
(1) The material is infinitely thick.

Spreadsheet (FDT®) Information:
Use the following FDT®:
(a) 06_Ilgnition_Time_Calculations.xls (click on Ignition_Time _Calculations3)

FDT?® Input Parameters:
-Exposure or External Radiative Heat Flux to Target Fuel (g,| = 25 kW/m?
-Click on the option button (®) for Electrical Cables - Power

-Select Material: PVC/PE
Results*

Material Ignition Time (t)
(min.)
Method of Tewarson

PVC/PE 9.0
*see spreadsheet on next page




Spreadsheet Calculations

FDT®: 06_lIgnition_Time_Calculations.xls (Ignition_Time _Calculations3)

CHAPTER 6. ESTIMATING THE IGHITION TIME OF A TARGET FUEL EXPOSED TO A

COHNSTANT RADIATIVE HEAT FLUX
‘Wersion 18050

The Blbwiig cakcnlaton: e stnate tne © Dalby forhme spread of @k Mel e pofecd ©a constarte venal adiatbe beat M.

Parametars In v ELLIWACELL S ars Btersd by e User.

Parametars In GREEN CELLS are 2ubmatlcally e lec d from e OROP DCAAH MENU for e Makdal Selectd
Allsatgecpientonprtuahes an cabn bied by the spre ak beetand based on wakes gpe cPed v the hpvtpa@me s,

Thk sprealsieet b poecedandieci e Dawt eroE dee ©a wiong ently na o2 k).
The chapter b the NUREG shontl B2 Ealbetr anaakib E mak .

IHPUT PARANETERS

Expoeare or Ecenal Baliatbe HeatF e © TagetFae i 2500
TagetZmtizal Heat Flax tor K tion £ HE
TagetThe mal Respoaze Pamme €1 TR n
_ _ _ I Calcdate
ZRIMECAL HEAT FLUX AND THERMAL RES PONS E PARARNETER FOR MATERILLE
Mtk rlak (Crical He atFIne fr luMoN The moal Respouse Pa@me €1 TR
7 Eleckical Cabim - Powar CHF Wm ke ANy
PSP 19.00 2485 Select Material
P EPVC 15.00 2325 PYZPE
PU/PE 1500 263 SEF Ol TE 8 SINed MATaN Al MEn
o [ TR 4T 19.00 212 Cick on sslscton
= Ncone ol lliked polokfln SCLPO 27.30 (¥
EPF &thyE eprojpk e mid= rEPF) 21.30 ST
W LPEXLPE =230 325
< LPEEVA ety H Iyl a2 bk 7.00 725
i LPEMNeopre ie 15.00 29
LRGP 2050 o
PYF fokulnglt ke orkk s Lpd 15,50 B
E P FRAChorcs « Fonated P E 1630 303
EPF, FF 21.00 3685
UzerSpechkdyvane EvE I valie Evervale
[~ Elactnel Cabas - Communci@as Sedact Material
P WCTPWC 15.00 131
P EPUC 0.0 183 Serall to de slred matsrl al then
W LPES LGP 20,00 (52} Click; on salecdon
[ Lo P 20,00 =7
EPF-FF 19.00 293
Chlrhaed PE 12.00 217
ETFEEVA =2.00 (513
PWCIPVE S0.00 264
FEF.FEP 55,00 15

UierZpeckedvane

Eie r'-;a_lle

EI‘PT'-.-'-H_"?

Sedect Material

Serall to de slred matsrial then
Cick on sslscton

r. Ftauc Matanala
P ok ok e 1500 163
L]} 15.00 210
P ok ethyin ethack e F MRS 1.0 27
P ohearts bk 15060 kK|
P okcat=eak pael 16.00 1]
UserSpeckbdvane EvE I valie Enrvale
[ Mabaral ‘u'.;.-u'.l"
e (red ook 10060 131
ool ko gl 1 10.00 13
ood dongls Ae rarat FR 10.00 23
Cormgaed papg rant 10063 152

UierZpeckedvane

Eie r'-;a_lle

EI‘PT'-.-'-H_"?

Sedect Material

Serall to de slred matsrial then
Clich on selecdon




ESTIMATING IGMITIONTIME FOR COMEUSTIBLES
METHOD OF TEw/A RS 0N
THERMALLY THICK MATER LS

il e e -CHFGTREP

| = iwg i (TRFNg" -CHFY

Wiere = karge gl ko lme e
77 = ex kmal rakalve Feal i o kg
CHF = Lge | o keal e al dus Tor el Lo EWm

TRF = Fermalresponse paame kr of kge Imakrial |
I = iy (TRPY A" - CHFx

m

fia= 43,25 wo B.08 minute ¢

T aboue cakoubalons are bamed onprinciples developed In be SFPE Hardbook oT Fre Prokclbon Bgiresring,
3 BEllkon 2002,

Caladalons ae bared on cerlan assump kone and b Inberenl il alore . The resulls

of such caloulalons may of may rol ke rearondile predicie capabll ks o agluen

sikalon, ard should only be nkmre ed by aninfmed wier.

Alvcugheach caloualon i e spreadshee | has beenvedted sl Pe sl ofhard

caculalon, bere 15 no absoklle guarankes of be axouracy of e cdoukalons.

Ay que s Bong , oim ments, concems , ad sugges ons, of K repor lan emons) n e

spreadsheel, peare erd anemall o reldnnc gov or m S$prrcgoy.




Example Problem 6.11-2

Problem Statement
Determine the time for 2-inch-thick Douglas fir plywood to ignite when itis subjected to a flame heat
flux of 25 kW/m?, assuming the surface of the plywood is initially at 68 °F (20 °C).

Solution

Purpose:
(1) Calculate the ignition time of Douglas fir plywood.

Assumptions:
(1) The material is infinitely thick.

Spreadsheet (FDT®) Information:

Use the following FDT*:
(a) 06_Ignition_Time_Calculations.xls (click on Ignition_Time _Calculations3)

FDT® Input Parameters:
-Exposure or External Radiative Heat Flux to Target Fuel “le ) = 25 kW/m?

-Click on the option button (®) for Natural Materials
-Select Material: Wood (Douglas fir)

Note: The ignition time calculation method (Tewarson) provided in the spreadsheet
Ignition_Time _Calculations3 does not require the material thickness or initial
surface temperature; therefore, material thickness and temperature are additional
information only. However, if the initial temperature of the material is relatively high
(compare with ambient temperature range), the ignition time value definitely will not
be realistic based on this method. Also, we are assuming the material as infinitely
thick to use the method; thus, we do not have to consider the thickness for this

problem.
Results*
Material Ignition Time (t,)
(min.)
Method of Tewarson
Wood 1.11
(Douglas fir)

*see spreadsheet on next page



Spreadsheet Calculations
FDT?®: 06_lIgnition_Time_Calculations.xls (Ignition_Time _Calculations3)
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